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ABSTRACT 

A  gamma-ray  laser  would  stimulate  coherent  emission  of  radiation  at  wavelengths  below 
1  A  from  excited  states  of  nuclei.  However,  the  difficulties  in  realizing  such  a  device  were 
considered  insurmountable  when  the  first  cycle  of  study  ended  in  1981.  Since  then,  research 
on  the  feasibility  of  a  gamma-ray  laser  has  taken  on  a  completely  new  character,  A  nuclear 
analog  of  the  ruby  laser  has  been  proposed  and  many  of  the  component  steps  for  pumping  the 
nuclei  have  been  demonstrated  experimentally.  A  quantitative  model  based  upon  the  new  data 
and  the  concepts  of  this  decade  shows  the  gamma-ray  laser  to  be  feasible  if  some  real  isotope 
has  its  properties  sufficiently  close  to  the  ideals.  The  greatest  positive  impact  has  come  from 
the  discovery  of  giant  resonances  for  pumping  nuclei  with  photons  that  greatly  reduce  the  levels 
of  input  power  needed.  Most  recently  attention  has  been  focused  upon  efforts  to  demonstrate 
prelasing  levels  of  fluorescence  from  simulation  nuclides  and  actual  gamma-ray  laser  candidates. 
Problems  being  addressed  are  the  acquisition  of  macroscopic  samples  of  the  best  nuclei  for 
testing  and  the  demonstration  of  appropriate  instrumentation. 
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I.  INTRODUCTION 


Many  advanced  technologies  would  benefit  from  non-nuclear  sources  of  high  energy 
density.  The  importance  would  be  greatest  if  concentrated  energies  could  be  stored  for  long 
times  and  then  released  at  controlled  rates  on  time  scales  of  nanoseconds  to  microseconds.  For 
power  released  as  electromagnetic  waves,  the  archetypical  system  would  probably  be  the  laser, 
although  many  applications  such  as  lithography  need  only  the  flash  of  "light"  and  not  its 
coherence.  In  any  event,  gamma  rays  would  represent  the  ultimate  form  for  such  "light." 

Gamma  rays  are  subject  to  the  same  basic  laws  governing  the  absorption  and  emission 
of  electromagnetic  radiation  as  prevail  at  longer  wavelengths.  However,  since  the  energies  per 
photon  are  so  much  greater,  there  seem  to  be  singular  advantages  in  gamma-ray  analogs  of 
atomic  and  molecular  sources  for  the  production  of  intense  pulses  of  "light. "  Such  perceptions 
have  driven  the  33  year  quest  for  the  ultimate  pulsed-power  device,  the  gamma-ray  laser.  In 
fact,  the  advantages  accrue  more  from  the  higher  densities  for  the  storage  of  energy  than  from 
the  shorter  wavelengths  available  upon  release.  A  flash  of  induced  emission  at  gamma-ray 
wavelengths  would  be  of  great  technological  importance  in  its  own  right,  while  at  the  same  time 
demonstrating  the  means  for  pumping  a  gamma-ray  laser. 

Any  grouping  of  electrically  charged  particles  can  radiate  electromagnetic  waves  with  the 
characteristic  size  of  the  charge  distribution  generally  determining  the  type  of  photons  most 
efficiently  emitted.  Antennas  emit  radio  waves,  waveguide  structures  emit  microwaves, 
electrons  oscillating  against  the  positive  nuclei  in  atoms  emit  optical  light  and  x  rays,  and 
protons  and  neutrons  moving  in  nuclei  emit  gamma  rays.  Once  emitted,  gamma  rays  are  no 
different  than  x  rays  which  often  have  the  same  energies.  Since  the  oscillating  charges  in  the 
nucleus  emit  their  energy  as  short-wavelength  electromagnetic  waves  this  process  is  not  a 
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nuclear  reaction.  None  of  the  interior  particles  are  emitted  to  cause  a  nuclear  reaction  and  the 
nucleus  finishes  as  the  stable  (non-radioactive)  ground  state  of  the  same  isotope  of  the  same 
element. 

The  nucleus  is  the  smallest  part  of  an  atom  which  in  turn  is  the  smallest  structural  unit 
of  physical  matter.  Thus,  quantum  mechanics  teaches  that  the  motions  of  the  charged  particles 
found  within  the  nucleus  will  represent  the  highest  velocities  of  circulation  possible  in  a  sample 
of  any  material.  This  fundamental  precept  means  that  the  very  highest  densities  of  (non-nuclear) 
energy  storage  will  be  found  in  the  motions  of  those  charges.  Just  as  in  the  case  of  atoms,  the 
movement  of  charges  in  a  nucleus  can  absorb  photons  of  electromagnetic  waves,  which  in  this 
case  are  x  rays,  and  make  a  transition  to  an  excited  state  of  higher  energy.  Because  of  the  high 
energy  densities  and  great  velocities,  the  charges  usually  reradiate  such  energies  in  times  too 
short  to  be  measured  (<10"'*  s.)  However,  in  rare  cases  selection  rules  sufficiently  inhibit  the 
coupling  of  the  particle  motion  to  the  electromagnetic  field  for  the  energies  to  be  stored  for  tens 
and  even  thousands  of  years  in  those  special  nuclei.  Such  long-lived  (metastable),  high-energy 
states  of  excitation  are  termed  isomeric  levels  and  the  materials  are  simply  known  as  isomers. 
Such  isomers  are  natural  sources  of  high  energy  densities. 

Our  research  on  the  gamma-ray  laser  identified  29  outstanding  isomers  which  store 
exceptionally  high  densities  of  energy.  Four  examples  are  cited  in  Table  1;  to  appreciate  the 
energy  densities  presented  there  it  should  be  noted  that  a  y.g  of  material  is  comparable  to  the 
amount  of  ink  used  to  print  a  period  at  the  end  of  a  sentence.  It  can  be  seen  that  the  energy 
storage  of  the  best  of  the  isomers,  is  more  than  a  gigajoule  per  gram.  Since  one  of  its 

key  transitions  for  the  output  of  electromagnetic  radiation  has  a  lifetime  of  70  ns  after  triggering. 
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the  power  density  available  from  that  material  is  (1.3  x  10^  J  g'V  7  x  10'*  s),  or  about 
0.05  exawatt  per  gram. 

Since  isomers  derive  their  long  shelf  lives  from  their  poor  coupling  to  electromagnetic 
waves,  it  was  traditionally  thought  to  be  impossible  to  trigger  the  release  of  the  stored  energy. 
However,  a  recent  and  major  breakthrough  in  research  on  the  feasibility  of  a  gamma-ray  laser 
showed  the  existence  of  a  giant  pumping  resonance  at  an  energy  near  2.5  MeV  in  nuclei  with 
masses  around  180.  In  effect,  this  resonance  provided  a  "gateway"  state  through  which  the 
selection  rules  making  an  isomer  long-lived  could  be  violated.  If  an  isomeric  level  initially 
stored  an  energy  of  2.0  MeV,  only  0.5  MeV  would  be  needed  to  reach  a  gateway  at  2.5  MeV. 
The  absorption  of  zui  x-ray  photon  of  that  energy  would  excite  the  system  to  such  a  level  which 
would  be  very  strongly  coupled  to  the  electromagnetic  fields.  The  sum  of  the  stored  energy  and 
that  of  the  trigger  x-ray  photon  would  then  be  promptly  emitted,  or  dumped,  as  gamma  rays. 

The  concept  for  dumping  the  energy  from  controlled  fractions  of  isomeric  populations 
has  been  demonstrated  in  a  series  of  experiments  with  the  fourth  of  the  materials  listed  in  Table 
I.  This  was  first  accomplished  in  the  Center  for  Quantum  Electronics  at  the  University  of  Texas 
at  Dallas  (UTD)  and  was  subsequently  confirmed  in  separate  experiments  at  the  Institut  fur 
Kemphysik,  Technische  Hochschule  Darmstadt.  The  systematics  for  the  occurrence  of  the  giant 
pumping  resonances  has  been  proven  in  a  series  of  UTD  experiments  which  located  them  in 
nuclei  in  the  region  of  masses  between  167  and  195. 

The  triggered  release  of  stored  energy  into  electromagnetic  waves  works  and  works  well. 
The  pervasive  problem  has  been  that  of  the  29  promising  materials,  only  two  have  yet  been 
available  for  study.  The  production  of  this  type  of  ultrahigh  energy  density  materials  is  still  in, 
its  infancy,  although  remarkable  progress  has  already  been  made.  For  example,  more  than  10** 
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nuclei  of  the  best  of  the  materials,  are  already  available.  Although  not  yet  mass- 

separated  and  carrier  free,  this  is  an  amount  from  which  it  should  be  possible  to  obtain  a  target 
containing  more  that  10'*  nuclei  with  essentially  100%  inversion  for  future  experiments. 

It  would  be  the  very  best  of  all  possibilities  to  be  able  to  immediately  realize  the  release 
of  high  energy  densities  into  a  coherent  radiation  field.  However,  simply  the  induced  emission 
of  gamma  rays  from  an  isomeric  sample  at  such  powers  would  be  of  considerable  technological 
significance.  That  goal  is  close  at  hand.  Once  attained,  the  development  of  increasing  levels 
of  coherence  can  be  approached  as  a  next  logical  objective.  The  triggering  of  the  gamma 
radiation  has  been  the  object  of  our  research  as  a  first  step  in  the  pumping  of  a  gamma-ray  laser. 

II.  TECHNICAL  BACKGROUND 
n.l  History 

Research  on  the  development  of  a  gamma-ray  laser  has  followed  a  cyclical  pattern  over 
the  past  33  years  with  a  marked  abundance  of  concepts  and  approaches.  Because  of  the  complex 
branching  of  approaches  it  is  often  difficult  to  follow  the  development  of  a  particular  idea  in 
order  to  properly  recognize  the  brilliance  of  the  early  work.  However,  the  origins  are  perfectly 
clear.  The  original  proposal  for  a  gamma-ray  laser  was  made  by  the  distinguished  Russian 
Professor  Lev  Rivlin  in  1961  [1].  It  went  largely  unnoticed  at  the  time  and  the  first  cycle  of 
research  on  this  topic  developed  a  strong  momentum  two  years  later  as  a  result  of  independent 
early  publications  from  the  US  [2,3]  and  Russia  [4,5]. 

In  the  first  cycle  of  study  which  lasted  from  1963  -  1980,  considerable  attention  was 
given  to  the  problem  of  suddenly  assembling  a  critical  density  of  prepumped  nuclei  to  reach  the 
threshold  for  stimulated  emission.  At  the  end  of  this  period  it  was  generally  accepted  that  such 
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brute  force  approaches,  usually  requiring  in  situ  pumping  and  involving  only  a  single  (output) 
photon,  were  essentially  hopeless.  In  an  encyclopedic  review,  Baldwin  and  coauthors  [6] 
concluded  the  general  impossibility  of  a  gamma-ray  laser  based  upon  all  techniques  for  pumping 
known  in  1980.  That  review  effectively  documented  the  failure  of  the  traditional  approaches  to 
a  gamma-ray  laser,  those  relying  on  the  use  of  intense  particle  fluxes  for  input  energy. 
However,  toward  the  end  of  the  first  cycle  of  research  the  precursors  of  a  new  interdisciplinary 
concept  began  to  appear  [7-13].  Based  upon  nuclear  analogs  of  quantum  electronics,  these 
"optical"  approaches  developed  rapidly  and  launched  a  renaissance  in  the  field.  The  basic  theory 
[14-16]  of  upconversion  at  the  nuclear  level  was  in  place  by  1982  for  the  two  possible  variants, 
coherent  and  incoherent  upconversion.  The  use  of  either  multiphoton  processes  or  multiple 
electromagnetic  transitions  to  release  the  energy  stored  in  isomers  avoided  many  of  the 
difficulties  encountered  with  more  traditional  pumping  schemes. 

Since  1980,  research  on  the  feasibility  of  a  gamma-ray  laser  has  taken  on  a  completely 
new  character.  In  the  first  half  decade  a  series  of  experiments  verified  that  the  concepts  of 
quantum  electronics  could  be  applied  at  the  nuclear  level  [17-21].  By  1986  one  blueprint  for 
a  gamma-ray  laser  [16]  had  been  established  and  a  substantial  effort  was  initiated  toward  the 
demonstration  of  its  feasibility.  This  article  reviews  the  major  advances  of  the  most  recent 
decade  along  that  line.  Those  advances  have  significantly  increased  the  likelihood  of  the 
feasibility  of  a  gamma-ray  laser  while  demonstrating  the  means  for  the  induced  emission  of 
gamma  radiation.  Excellent  concepts  for  the  development  of  coherence  in  the  levels  being 
pumped,  together  with  even  more  advanced  approaches  to  lasing,  are  discussed  by  the 
proponents  of  those  ideas  elsewhere  in  this  issue. 
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n.2  Concepts 

At  first  approach  it  would  seem  that  the  prospects  for  all  ultrashort-wavelength  lasers 
would  be  vitiated  by  a  very  fundamental  factor  [6].  The  basic  dependence  of  electron 
transition  probabilities  upon  frequency,  v  so  limits  the  storage  of  pump  energies  in  atoms  and 
molecules  that  even  now  some  of  the  largest  pulsed-power  machines  are  able  to  excite  only 
millUoules  of  laser  output  and  then  only  at  soft  x-ray  energies.  In  contrast  there  are  four  unique 
advantages  of  a  gamma-ray  laser  that  would  accrue  from  its  operation  upon  electromagnetic 
transitions  of  nuclei: 

1)  The  constant  linking  with  lifetime  is  more  favorable  by  orders-of-magnitude 
because  of  the  accessibility  of  a  variety  of  transition  moments.  The  effects 
pumped  by  an  input  pulse  can  be  integrated  up  to  larger  values  for  longer  times. 

2)  Nuclear  metastables  store  keV  and  even  MeV  for  years.  With  upconversion 
schemes  most  of  the  energy  is  input  ex  situ,  long  before  the  time  of  use  and 
triggering  requirements  are  small. 

3)  Nuclear  transitions  need  not  experience  thermal  broadening  and  natural  linewidths 
are  routinely  obtained.  Without  broadening,  electromagnetic  cross  sections  are 
large  and  values  for  1  A  transitions  typically  exceed  the  cross  section  for  the 
stimulation  of  Nd  in  YAG. 

4)  Working  metastables  can  be  concentrated  to  solid  densities. 

The  essential  concept  driving  the  renaissance  in  gamma-ray  laser  research  was  the 
"optical"  pumping  of  nuclei  [7-16].  In  this  context  optical  meant  x  rays,  but  the  fundamentals 
were  the  same.  Useful,  resonant  absorption  of  pump  power  would  occur  over  short  distances 
in  a  thin  low-Z  medium  to  produce  high  concentrations  of  excited  nuclei  while  wasted 
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wavelengths  would  only  be  degraded  to  heat  in  much  larger  volumes.  This  was  the  basic 
concept  for  avoiding  the  severe  material  damage  which  would  have  destroyed  the  Mossbauer 
effect  that  would  have  resulted  from  the  particle-pumping  schemes  of  the  first  cycle  of  research 
emphasized  before  1980.  In  the  blueprint  of  1982  for  upconversions  [16],  one  of  several 
possible  types  of  resonant  photopumping  was  envisioned  to  transfer  the  stored  population  of  an 
isomer  to  a  "gateway"  state  at  the  head  of  a  cascade  leading  to  the  upper  laser  level.  Of  the 
cases  considered,  this  nuclear  analog  of  the  ruby  laser  embodied  the  simplest  concepts  for  a 
gamma-ray  laser.  Not  surprisingly,  the  greatest  rate  of  achievement  in  the  last  decade  in  the 
pumping  of  high-energy  density  media  has  been  realized  in  that  direction. 

For  ruby,  the  identification  and  exploitation  of  a  bandwidth  funnel  were  the  critical  keys 
in  the  development  of  the  first  laser.  There  was  a  broad  absorption  band  linked  through  efficient 
cascading  to  the  narrow  laser  level.  Our  theory  [16]  called  for  a  nuclear  analog  of  this  structure 
which  was  unknown  in  1986  when  intensive  experiments  were  started.  Now,  that  theory  has 

been  confirmed. 

n.3  Theoretical  Model 

The  sequence  for  triggering  the  release  of  the  energy  stored  in  an  isomeric  state  [16,22] 
is  shown  in  Fig.  1.  The  population  in  the  initial  level  is  transferred  to  a  broad  pump  band,  or 
"gateway"  state,  which  bridges  the  selection  rules  that  would  otherwise  limit  the  coupling  of  the 
isomer  to  the  electromagnetic  fields.  The  normal  decay  from  the  gateway  is  accompanied  by 
the  emission  of  immediate  fluorescence  and  leads  to  the  principal  laser  level  from  which  the 
sustained  output  of  power  will  be  emitted.  Population  can  be  accumulated  in  that  level  by 
continuing  to  run  the  pump  cycle  for  a  time  comparable  to  the  lifetime  of  the  output  state. 
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Pumping  processes  like  that  of  Fig.  1  have  been  known  for  over  50  years  [23,24] 
although  relatively  few  results  have  been  published  in  that  time.  Practical  difficulties  with  the 
calibration  and  availability  of  sources  of  irradiation  had  limited  the  degree  of  reproducibility 
achieved  in  work  prior  to  about  1987,  as  discussed  in  the  next  section.  The  processes  are 
classified  as  inelastic  scattering,  or  (7,7’);  reactions  in  the  literature  of  nuclear  physics  where 
the  7  and  7’  represent  the  incident  and  scattered  photons,  respectively.  In  terms  of  the  target 
nucleus,  X  the  notation  is  X(7,7’)X*  in  which  X’  represents  the  same  nucleus  in  its  final  state 
of  excitation.  If  the  final  state  is  an  isomer,  the  *  is  replaced  by  m. 

For  a  sample  that  is  optically  thin  at  the  pump  wavelength,  a  computation  of  the  number 
of  nuclei  pumped  by  a  (7,7’)  reaction  into  a  given  excited  state  should  be  straightforward 
[16,22,25].  Most  intense  x-ray  sources  emit  continua,  either  because  bremsstrahlung  is  initially 
produced  or  because  spectral  lines  are  degraded  by  Compton  scattering  in  the  immediate 
environment.  Then  the  irradiation  of  a  sample  containing  N;  target  nuclei  in  the  initial  state 
results  in  a  time-integrated  yield  of  final-state  nuclei,  Nf  according  to  the  general  relation 

Nf  =  Ni<i>o  f  a{E)F{E,Eo)dE  ,  0) 

0 

where  the  photoexcitation  reaction  is  described  by  the  energy-dependent  cross  section,  o-(E).  The 
photon  continuum  is  represented  by  an  endpoint.  Eg  and  the  time-integrated  spectral  intensity, 
({>  which  is  written  as  the  product  of  the  total  x-ray  flux  incident  on  the  sample,  €>0  photons 
cm■^  and  a  function  F(E,Eo)  that  gives  the  distribution  of  intensities  within  the  continuum.  The 
distribution  is  normalized  so  that 
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(2) 


^0 

J  F{E,E^)dE  =  1 

0 

All  (7,7’)  reactions  occurring  at  energies  below  the  threshold  for  particle  evaporation 
resonantly  excite  discrete  levels  [25,26];  for  the  population  of  isomers  the  relevant  levels  are 
pump  bands  like  that  depicted  in  Fig.  1.  Only  one  gateway  appears  there,  but  there  could  be 
more.  Each  gateway,  identified  by  the  index  j,  would  be  excited  at  a  different  energy,  Ej  but 
all  would  branch  to  some  extent  into  the  same  fluorescent  final  state,  f.  Although  the  width  of 
the  j-th  level  is  broad  on  a  nuclear  scale,  it  is  narrow  in  comparison  to  the  scale  of  energies,  E 
over  which  F(E,Eo)  varies.  Thus,  the  final-state  yield  can  be  written  from  Eq.  (1)  as 

where  the  activation,  Af(Eo)  has  been  introduced.  This  quantity  is  the  fractional  yield  of  the  final 
state,  f  normalized  per  unit  photon  flux  in  the  irradiating  continuum.  The  summation  in  Eq.  (3) 
extends  over  all  gateways  whose  excitation  energies  are  less  than  the  endpoint.  In  this 
expression  (ar)^  is  the  integrated  cross  section  for  the  production  of  the  final-state  population, 
Nf  as  a  result  of  excitation  through  the  gateway  at  Ej,  so  that 

Bj+A 

(oDfj.  =  J  o{E)dE  ,  (4) 

£j-A 

where  A  is  an  energy  small  compared  to  the  spacing  between  gateways  but  large  in  comparison 
to  their  widths.  For  each  gateway  the  integration  is  performed  over  a  Lorentzian  line  shape 
which  for  a  purely  radiative  transition  has  the  natural  width,  F  =  (h  In  2)/Ti/2,  with  Tj/j  being 
its  halflife.  It  is  straightforward  to  show  that 
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(oDfj  =  {T:b^bJ'aQ/2) 


(5) 


in  which  the  branching  ratios  b,  and  bo  specify  the  probabilities  that  a  population  pumped  by 
absorption  into  the  j-th  gateway  will  decay  back  into  the  initial  state  or  by  cascade  to  the  output 
level,  respectively.  The  quantity  ao/l  is  the  peak  of  the  Breit-Wigner  cross  section  [25,27]  for 
the  absorption  transition, 

a„  =  -A1  ^  .  (6) 

°  2%  21^+1  ttp+l 

where  X  is  the  wavelength  of  the  x  ray  at  the  resonant  pump  energy,  Ej,  the  angular  momenta 
of  the  gateway  and  ground  states  are  Ij  and  Ig,  respectively,  and  oip  is  the  total  internal 
conversion  coefficient  for  the  pump  step  shown  in  Fig.  1. 

Whether  or  not  the  initial  state  being  pumped  is  the  ground  state  or  a  long-lived  isomeric 
level,  the  principal  figure  of  merit  is  the  integrated  cross  section.  This  quantity  reflects  the 
efficacy  for  the  transfer  of  population  to  a  fluorescence  level,  and  therefore  available  to  an 
output  transition.  Thus,  it  is  the  nuclear  equivalent  of  the  fluorescence  efficiency  so  important 
in  the  early  development  of  atomic  and  molecular  lasers. 

III.  CRITICAL  EXPERIMENTS 

m.l  Foundations 

in.1.1  Model  Verification 

The  most  tractable  (7,7’)  reactions  for  study  are  those  for  the  photoexcitation  of  stable 
isotopes  from  their  ground  states  up  to  isomeric  levels.  In  many  cases  the  product  is  sufficiently 
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long-lived  to  be  readily  examined  after  termination  of  the  input  irradiation  although  lessons  can 
be  learned  that  can  be  applied  to  excitation  of  the  shorter-lived  levels  more  useful  in  a  laser. 
The  prototype  for  basic  study  has  been  the  reaction  ^^*Cd(7,7’)”*Cd“  exciting  the  48.6  min  level 
at  396  keV.  Three  of  the  classical  measurements  of  integrated  cross  section  were  conducted  in 
1979,  1982,  and  1986  as  reported  in  Refs.  [28-30],  respectively.  Probable  errors  were  quoted 
as  varying  only  from  7  to  14%,  and  yet  no  two  of  the  measurements  were  even  within  a  factor 
of  2  of  each  other.  This  discrepancy  led  to  serious  contentions  over  the  way  in  which  the 
expected  fluorescence  yields  were  calculated  [29].  Because  of  the  pervasive  disagreements  in 
the  literature  about  nuclear  photopumping,  one  of  the  first  priorities  in  the  most  recent  cycle  of 
research  was  placed  upon  quantitative  validation  of  the  model. 

Many  of  the  early  conflicting  measurements  were  performed  with  the  use  of  radioisotopes 
for  the  irradiation  of  samples.  From  the  perspective  of  laser  physics,  those  would  appear  to  be 
the  most  unreliable  sources  of  energetic  photons  for  (7,7’)  reaction  studies.  Although  assumed 
to  emit  line  spectra,  in  actual  usage  they  produced  intensities  which  were  dominated  by  continua 
resulting  from  photons  which  had  sustained  multiple  Compton  scattering  by  collimators  and 
shielding  in  the  irradiation  environment.  Such  multiple  scatterings  are  difficult  to  calculate  and 
are  still  impossible  to  measure  in  practical  laboratory  configurations  without  further  perturbing 
the  spectra.  In  contrast,  the  spectral  intensities  of  bremsstrahlung  are  routinely  calculated  with 
high  accuracy  from  measured  accelerator  currents  and  target  geometries  by  well-established, 
modem  computer  codes  [31,32]  such  as  are  commonly  used  in  radiological  treatment  planning 
[33]. 

In  our  experimental  work -of  the  last  five  years  the  bremsstrahlung  from  six  accelerators 
in  different  experimental  environments  was  used  to  verify  the  fluorescence  model  of  Eqs.  (1) 
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-  (6)  and  to  cross-check  the  accelerator  intensities.  The  devices  involved  in  this  effort  were  the 
e-beam  machines  DNA/PITHON  at  Physics  International  and  DNA/ Aurora  at  the  US  Army 
Research  Laboratory,  a  4  MeV  and  a  6  MeV  medical  linac  at  the  University  of  Texas  Health 
Sciences  Center,  the  superconducting  injector  to  the  storage  ring  at  Darmstadt  (S-DALINAC) 
and  our  own  4  MeV  linac,  the  Texas-X.  Spectral  intensities  from  bremsstrahlung  targets 
irradiated  by  these  accelerators  were  calculated  with  the  EGS4  coupled  electron/photon  transport 
code  [31]  for  the  linacs  and  with  the  TIGER  code  [32]  for  the  e-beam  devices.  The  codes  were 
adapted  for  each  individual  configuration  and  closely  monitored  values  of  electron  currents  were 
used  as  inputs  to  the  calculations.  In  this  way  both  F(E,Eo)  and  #o  were  obtained.  In  some 
instances  f>o  was  separately  verified  by  in-line  dosimetry  using  thermoluminescent  dosimeters 
(TLD’s)  or  ionization  chambers. 

Of  the  many  potential  nuclides  which  might  be  used  to  confirm  the  formulations  of  Eqs. 
(1)  -  (6),  the  early  literature  [34]  supported  the  calculation  of  integrated  cross  sections  for  very 
few.  Table  n  includes  those  which  were  known  with  sufficient  accuracy  to  serve  as  standards. 
In  the  convenient  units  of  10’^®  cm^  keV,  values  of  integrated  cross  section  ranging  from  the 
order  of  unity  to  a  few  tens  characterize  bandwidth  funnels  that  are  sufficient  for  demonstrations 
of  nuclear  fluorescence  from  reasonable  amounts  of  material  at  readily  accessible  levels  of  input. 

In  the  calibration  experiments,  samples  with  typical  masses  of  grams  were  exposed  to  the 
bremsstrahlung  from  the  six  accelerators  for  times  ranging  from  seconds  to  hours  for  the 
continuously  operating  machines  and  to  single  flashes  from  the  pulsed  devices.  The  activations, 
Af  of  Eq.  (3)  were  determined  by  counting  the  photons  spontaneously  emitted  from  the  samples 
after  transferring  them  from  an  accelerator  chamber  to  a  quieter  environment.  Usual  corrections 
were  made  for  the  isotopic  abundance,  for  the  loss  of  activity  during  irradiation  and  transit,  for 
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the  counting  geometry,  for  the  self  absorption  of  the  fluorescence,  and  for  the  tabulated 
efficiencies  [35]  for  the  emission  of  signature  photons  from  the  populations,  Nf.  The  self 
absorption  factor  required  a  calculation  of  photon  transport  within  the  target  materials  which  was 
verified  in  some  cases  by  confirming  that  the  same  sample  masses  in  different  geometries  with 
different  correction  factors  gave  the  same  final  populations. 

Measured  results  were  in  close  agreement  [36]  with  the  predictions  of  Eq.  (3)  using  the 
values  of  (ar)g  given  in  Table  II.  A  typical  example  for  the  reaction  *’Sr(7,7’)*’Sr”  is  shown 
in  Fig.  2b  in  which  the  plot  of  activation  against  bremsstrahlung  endpoint  gives  its  "excitation 
function"  [37].  Particularly  valuable  were  the  data  [38]  obtained  with  the  S-DALINAC  because 
of  its  ability  to  continuously  vary  the  endpoint.  A  change  of  Eq,  as  well  as  altering  €>0, 
modulates  the  spectral  distribution  function,  F(Ej,Eo)  at  all  of  the  important  energies  for  resonant 
excitation,  Ej.  The  largest  effect  occurs  when  Eq  is  increased  from  a  value  just  below  a  gateway 
to  one  exceeding  it  so  that  F(Ej,Eo)  varies  from  zero  to  some  finite  value  as  depicted  in  Fig.  2a. 

Early  work  [39,40]  on  (7,7’)  reactions  had  shown  that  excitation  functions  displayed  very 
pronounced  "activation  edges"  at  the  resonant  excitation  energies,  Ej  of  gateways.  Such 
activation  edges  are  clearly  seen  in  the  data  of  Fig.  2b.  There  is  excellent  agreement  between 
measurements  obtained  with  the  different  accelerators,  and  between  the  experimental  data  and 
the  model  calculations  made  using  the  literature  values  [38,39]  of  Table  11.  It  is  useful  to  note 
that  the  units  of  Af  are  those  of  area  because  they  are  a  type  of  average  cross  section  quite 
different  from  the  (Tq  of  Eq.  (6)  that  describes  an  individual  transition.  The  small  ordinate  values 
are  due  to  the  normalization  of  Eq.  (3)  which  effectively  averages  the  large  (Tq  at  the  resonant 
energy,  Ej  over  the  broad  bandwidth  of  the  entire  irradiating  continuum,  within  which  most 
E  Ej. 


13 


in.1.2  Pump  Calibration 


The  high  level  of  agreement  between  the  measurements  and  the  model  established  a 
confidence  level  sufficient  to  support  the  use  of  (7,7’)  reactions  which  populate  isomers  as  a 
means  of  selectively  sampling  the  spectra  of  single  x-ray  pulses  like  those  from  e-beam  devices. 
This  technique  of  x-ray  activation  of  nuclei  (XAN)  directly  measures  absolute  intensities  at 
discrete  energies  corresponding  to  the  Ej  of  gateways  accessible  to  the  bremsstrahlung  [36,41- 
44].  An  example  of  an  XAN  calibration  is  shown  in  Fig.  3  for  the  spectrum  from  a  single  shot 
at  an  endpoint  of  1.4  MeV  from  DNA/PITHON  [42].  No  scaling  was  involved  and  absolute 
intensities  were  obtained  using  Eq.  (3),  integrated  cross  sections  from  Table  II,  measured  masses 
of  the  samples,  the  distances,  and  the  activations  produced.  Having  calibrated  the  spectral 
sources  used  in  these  experiments,  the  persisting  uncertainties  in  the  optical  pumping  of  "^In“ 
and  *“Cd“  were  resolved  [45,46]  as  being  primarily  due  to  the  use  of  radioisotopes  as  sources 
of  irradiation  [26]. 

Following  the  further  improvements  in  the  nuclear  data  base  listed  in  Table  II,  it  has  been 
possible  to  extend  the  XAN  procedure  to  span  the  range  to  4  MeV  [47,48].  Figure  4  shows  an 
example  of  direct  measurements  [47]  of  the  spectral  intensity  from  a  4  MeV  linac  using  the 
nuclear  standards  from  Table  n  in  comparison  with  the  calculated  bremsstrahlung  output. 

These  calibration  studies  served  to  confirm  both  the  traditional  model  of  nuclear 
activation  summarized  in  Eqs.  (1)  -  (6)  and  to  validate  the  computer  codes  for  calculating 
bremsstrahlung  intensities  based  on  measured  accelerator  parameters.  Now,  there  can  be  no 
reasonable  doubt  of  procedures  for  quantitatively  measuring  integrated  cross  sections  if  an 
experiment  is  carefully  performed  with  a  bremsstrahlung  source  of  pump  radiation. 
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in.1.3  Limits  on  Spurious  Contributions 


Sources  of  possible  spurious  contaminations  of  the  measurements  were  carefully 
considered.  Those  could  have  included  contributions  to  the  isomeric  yield  from  natural 
background  or  excitation  of  the  samples  by  (e,e’),  (7,n),  (n,7)  or  (n,n’)  reactions.  In  the  case 
of  natural  background,  positive  identification  of  the  fluorescence  signatures  and  the  amounts  of 
yields  was  accomplished  by  obtaining  both  energy  (pulse-height)  and  decay  (multichannel  scalar) 
spectra.  Typical  examples  [49]  are  shown  in  Figs.  5  and  6  for  the  isomers  of  ^®’Er”  and  '^^Te”. 
As  can  be  seen  in  those  figures,  excellent  agreement  was  obtained  between  the  measured 
halflives  and  the  literature  values  [35]  of  2.28  s  and  123  days,  respectively.  Fluorescence 
signatures  were  clearly  identified  and  were  well-separated  from  any  strong  background  lines 
when  either  NaI(Tl)  or  HPGe  detectors  were  used. 

Inelastic  electron  scattering,  or  (e,e’),  reactions  can  excite  isomeric  populations  in  a 
manner  that  at  low  momentum  transfer  is  quite  similar  to  that  of  (7,7’)  reactions  [50]. 
However,  it  has  been  experimentally  demonstrated  [39]  that  the  cross  sections  for  electro¬ 
excitation  of  isomers  are  on  the  order  of  10^  smaller  than  for  photoexcitation  at  the  same  energy. 
The  numbers  of  electrons  available  for  (e,e’)  reactions  after  penetrating  the  high-Z 
bremsstrahlung  converters  are  also  orders-of-magnitude  less  than  the  numbers  of  x  rays 
produced.  An  example  of  a  typical  converter  is  the  3-mm  thick  tantalum  target  used  in 
irradiations  with  the  Texas-X,  within  which  the  range  of  4  MeV  electrons  was  only  1.7  mm. 
Spurious  contributions  to  the  measured  activations  due  to  (e,e’)  reactions  were  therefore 
negligible.  Likewise,  contaminations  from  (7,n)  reactions  could  be  summarily  excluded  since 
photons  within  the  bremsstrahlung  had  insufficient  energy  [34]  to  reach  the  thresholds  for  those 
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processes  in  the  sample  materials  except  in  the  very  highest  energy  irradiations  with 
DNA/ Aurora. 

The  question  of  spurious  contributions  from  (n,7)  or  (n,n’)  reactions  received  more 
consideration.  All  of  the  accelerators  used,  other  than  DNA/PITHON,  were  capable  of 
evaporating  neutrons  from  some  materials  in  the  accelerator  environments.  Thus,  it  was 
important  to  determine  the  amount  of  isomeric  yield  which  could  have  been  attributed  to 
neutrons.  This  was  done  in  four  separate  studies  [38,47,48,51]  published  in  1990  -  1993.  The 
largest  contribution  was  found  for  experiments  conducted  with  the  6  MeV  medical  linac  where 
neutrons  produced  from  a  Be  window  could  have  given  as  much  as  an  additional  6%  to  the 
activation  yield  [49].  In  contrast,  our  4  MeV  Texas-X,  built  especially  to  minimize  the  amounts 
of  Be  and  cooling  water  exposed  to  the  irradiation,  held  neutron  contributions  [47]  to  less  than 
0.001%.  Even  though  the  extent  of  contamination  by  neutron  contributions  was  negligible  in 
all  experiments  conducted,  the  diagnostic  procedures  used  to  verify  this  point  are  reviewed  here 
for  convenience. 

In  principle,  the  two  types  of  neutron  reactions  that  had  to  be  considered  were  inelastic 
(n,n’)  reactions  which  would  have  required  hot  neutrons  and  neutron  capture  (n,7)  processes 
driven  by  fluxes  of  thermal  or  epithermal  neutrons.  Contributions  from  the  latter  were  directly 
determined  in  accordance  with  standard  procedures  [52].  The  thermal  neutron  fluxes  were 
measured  by  irradiating  pairs  of  thin  indium  foils,  one  bare  and  the  other  shielded  within  a 
cadmium  cover.  Energy  spectra  obtained  from  these  foils  were  examined  after  exposure  for 
fluorescence  from  the  isomer  ”*In“,  which  is  produced  by  a  branch  of  the  reaction 
“^In(n,7)^^®In‘“’®.  The  magnitudes  of  the  fluorescence  lines  observed  in  both  the  bare  and  the 
shielded  samples  allowed  the  determination  of  the  thermal  neutron  flux  which  was  12  neutrons 
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cm'^  s'*  in  the  worst  case  of  the  6  MeV  linac  environment.  The  contributions  to  the  activations 
from  thermal  neutrons  are  reported  in  the  literature  for  all  nuclides  studied  [49]  and  in  all  cases 
were  small. 

In  reduced-Be  accelerators  like  the  Texas-X,  fast  neutrons  primarily  arise  from  the 
photodissociation  of  the  deuterium  fraction  in  the  cooling  water,  the  humidity  of  the  air,  and  the 
concrete  used  in  construction.  It  is  useful  to  recall  that  the  production  of  significant  fluxes  of 
fast  neutrons  is  unlikely,  a  priori,  because  the  dissociation  energy  of  deuterium  is  2.22  MeV. 
For  a  bremsstrahlung  endpoint  of  4  MeV,  this  leaves  only  a  maximum  of  0.89  MeV  kinetic 
energy  for  each  of  the  resulting  proton  cuid  neutron.  Those  must  recede  at  right  angles  from  the 
path  of  the  incident  photon  in  order  to  conserve  momentum.  Nevertheless,  one  might  assume 
there  to  be  a  large  mass  of  deuterium  geometrically  placed  at  right  angles  to  the  Hne-of-sight 
between  the  bremsstrahlung  target  and  the  sample  being  illuminated.  This  would  enable  the 
primary  neutrons  carrying  the  full  0.89  MeV  to  irradiate  the  material  under  study  and  they  might 
contribute  to  the  excitation.  However,  cross  sections  [53]  for  inelastic  excitation  by  1-MeV 
neutrons  rarely  exceed  lb  so  the  probable  impact  parameter  can  be  readily  bounded  and  it  can 
be  concluded  that  only  s-wave,  p-wave,  and  perhaps  d-wave  scattering  are  probable.  In  the 
cases  of  most  isomers,  the  angular  momentum  and  its  projections  between  initial  and  final  states 
differ  by  more  than  two  units  so  excitation  by  fast  neutrons  must  confront  the  same  difficulties 
encountered  by  photoexcitation.  Moreover,  only  levels  lying  below  0.89  MeV  can  be  accessed 
where  there  is  a  paucity  of  gateway  states.  Photoexcitation  with  4  MeV  bremsstrahlung  can 
access  pump  levels  up  to  4  MeV,  so  photoneutrons  present  no  natural  advantages  in  exciting 
high-multipolarity  transitions,  even  assuming  the  unlikely  geometry  needed  to  produce  large 
numbers  of  those  particles. 
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Notwithstanding  the  lack  of  a  credible  rationale  for  concern  about  the  possible 
contamination  of  yields  by  (n,n’)  reactions,  measurements  were  made  of  the  fast  neutron  flux 
at  the  position  of  the  irradiated  targets  using  standard  techniques  [54].  Samples  were  covered 
with  foils  containing  ‘**Ti,  '’’Ti,  and  **Ni,  nuclides  having  large  cross  sections  for  (n,p)  reactions 
at  energies  in  the  relevant  range.  No  fluorescence  was  detected  to  indicate  product  nuclei  and 
measurements  were  completely  negative  in  all  photoexcitation  experiments  [53].  Calculations 
of  the  expected  flux  of  fast  neutrons  from  the  environment  were  consistent  with  this  negative, 
predicting  effects  orders-of-magnitude  below  the  threshold  of  detection.  The  possibility  of  fast- 
neutron  contributions  was  further  examined  by  covering  samples  used  in  the  (7,7’)  studies  with 
a  planchette  containing  heavy  water,  DjO  to  enhance  the  prevalence  of  photodissociation 
neutrons.  Still  no  increase  was  observed  in  isomeric  yields,  in  complete  agreement  with 
computations.  Photoneutron  production  from  other  potential  sources  such  as  photodissociation 
of  O2  in  the  air  was  also  found  to  be  unimportant  [53]. 

All  of  these  negatives  for  (n,n’)  contributions  were  consistent  with  the  successes  in 
reproducing  the  absolute  measurements  of  the  calibration  (7,7’)  reactions  known  from  the 
literature  [34]  with  so  many  different  accelerators  having  such  a  variety  of  windows,  cooling 
geometries,  and  physical  enclosures.  The  contamination  of  (7,7’)  reaction  yields  by  (n,n’) 
reactions  was  assuredly  undetectable  in  comparison  to  possible  contributions  from  (n,7)  reactions 
which  could  have  been  as  large  as  0.1%  in  typical  cases  and  6%  in  the  worst  case  [47,49,51] 
given  the  measured  values  of  neutron  flux  and  neutron  cross  sections.  Overall,  spurious 
contributions  to  the  measured  activations  due  to  natural  background  and  incidental  (e,e  ),  (75^) > 
(n,7)  and  (n,n’)  reactions  were  found  to  be  negligible. 
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in.2  Giant  Pumping  Resonances 
in.2.1  Discovery 


Expressed  as  partial  widths,  baboF,  the  integrated  cross  sections  for  the  excitation  of 
■”Se“,  '^®Br“,  and  “*In“  seen  in  Table  II  correspond  to  39,  5,  and  94  /xeV,  respectively.  While 
among  the  largest  values  reported  prior  to  our  studies,  these  results  still  left  an  aura  of 
credibility  to  the  traditional  impressions  that  partial  widths  for  exciting  isomers  would  be  limited 
to  about  1  fi&V. 

Tempering  expectations  that  integrated  cross  sections  of  even  the  magnitudes  of  Table 
n  might  be  expected  for  the  dumping  of  actual  isomeric  candidates  for  a  gamma-ray  laser  was 
a  concern  for  the  conservation  of  various  projections  of  the  angular  momenta  of  the  nuclei. 
Many  of  the  interesting  candidate  isomers  belong  to  the  class  of  nuclei  deformed  from  the 
normally  spherical  shape.  For  those  nuclides  there  is  an  additional  quantum  number  of  dominant 
importance,  K  which  is  the  projection  of  individual  nucleonic  angular  momenta  upon  the  axis 
of  elongation.  To  this  is  added  the  collective  rotation  of  the  nucleus  to  obtain  the  total  angular 
momentum,  J.  The  resulting  system  of  energy  levels  resembles  that  of  a  diatomic  molecule  for 
which 


EjK,J)=E„{lCj+B^J{J+l)  ,  (7) 

where  J  >  K  >  0  and  J  takes  the  values  |K1 ,  jKl  +1,  iK|  -H  2,....  In  this  expression 
is  a  rotational  constant  that  is  inversely  proportional  to  the  nuclear  moment  of  inertia,  and  En(K) 
is  the  lowest  value  for  any  level  in  the  resulting  "band"  of  energies  identified  by  other  quantum 
numbers,  n.  That  level  is  termed  the  "bandhead."  The  selection  rules  for  electromagnetic 
transitions  then  require  both  |AJ|  <  M  and  [AKj  <  M,  where  M  is  the  multipolarity  of  the 
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transition.  In  most  cases  an  isomeric  state  has  a  large  lifetime  because  it  lies  in  a  band  whose 
value  of  K  differs  considerably  from  those  of  lower  levels  to  which  it  would  otherwise  be 
radiatively  connected.  As  a  consequence,  bandwidth  funneling  processes  such  as  shown  in  Fig. 

1  that  start  from  isomeric  levels  must  span  substantial  changes  in  K  and  component  transitions 
have  been  expected  to  have  large,  and  hence  unlikely,  multipolarities. 

From  this  perspective  the  candidate  isomer,  was  the  most  initially  unattractive  as 
it  had  the  largest  difference  in  K  between  isomer  and  ground  state,  81i.  However,  because  a 
macroscopic  sample  was  readily  available,  became  the  first  isomeric  material  to  be 

optically  pumped  to  a  fluorescent  level.  This  particular  nuclide  carries  a  dual  distinction.  It  is 
the  rarest  stable  isotope  occurring  in  nature  [35]  and  it  is  the  only  naturally  occurring  isomer. 
The  ground  state  of  ‘*^a  is  I"*"  with  a  halflife  of  8.1  hours  while  the  tantalum  nucleus  of  mass 
180  occurring  with  0.012%  natural  abundance  is  actually  the  9‘  isomer,  It  has  an 

adopted  excitation  energy  of  75.3  keV  and  a  halflife  in  excess  of  1.2  x  10^^  years. 

In  an  experiment  conducted  in  1987, 1.2  mg  of  was  exposed  to  bremsstrahlung  and 
a  large  fluorescence  yield  was  obtained  [55].  This  was  the  first  time  a  (7,7’)  reaction  had  been 
excited  from  an  isomeric  target  as  needed  for  a  gamma-ray  laser  and  was  the  first  evidence  of 
the  existence  of  giant  pumping  resonances.  Simply  the  observation  of  fluorescence  from  a 
milligram-sized  target  proved  that  an  unexpectedly  large  reaction  channel  had  opened.  Usually 
grams  of  material  had  been  required  in  this  type  of  experiment  [49]. 

The  energy-level  diagram  of  ‘*^a  and  its  daughters  [34]  is  shown  in  Fig.  7,  together  with 
a  schematic  representation  of  the  individual  steps  in  the  excitation  and  detection  of  the 
i80j<^m(7,7>)i80pa  reaction.  As  can  be  seen  in  the  figure,  the  principal  means  for  the  detection 
of  the  ‘^‘^a  ground  state  lies  in  observing  the  lines  of  its  daughter  ‘^‘Tlf,  produced  by  electron 
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capture  decay.  The  efficiency  for  the  emission  of  K„  photons  relative  to  the  number  of  '*^a 
decays  is  about  57%  [35],  The  target  used  in  these  experiments  was  enriched  to  contain  1.2  mg 
of  **^a  diluted  in  24.7  mg  of  ‘®'Ta.  Deposited  as  a  dusting  of  oxide  near  the  center  of  the 
surface  of  a  5-cm  disk  of  A1  and  overcoated  with  a  0.25  mm  layer  of  Kapton,  this  sample  was 
believed  to  be  free  from  self  absorption  of  the  x  rays  from  the  daughter  Hf.  Such  a  construction 
minimized  corrections  to  the  raw  data  and  since  self  absorption  was  neglected,  the  final  results 
could  only  underestimate  the  activation  had  there  been  some  unexpected  absorption. 

The  sample  was  exposed  to  bremsstrahlung  from  the  6  MeV  medical  linac  whose  output 
dose  rate  had  been  calibrated  with  an  accuracy  of  ±  3  % .  This  was  the  machine  that  presented 
the  worst-case  neutron  flux  which  could  have  contributed  another  6%  error.  However,  as 
described  below,  the  measurements  were  subsequently  confirmed  in  absolute  comparisons  with 
data  taken  at  the  S-DALINAC.  After  the  irradiation,  the  sample  was  counted  with  an  n-type, 
HPGe  spectrometer.  Conventional  techniques  were  used  to  calibrate  the  counting  system  with 
isotopic  standards.  Figure  8  shows  the  spectra  from  the  enriched  target  before  and  after  a  4-h, 
6-MeV  irradiation,  while  Fig.  9  shows  the  dependence  upon  time  of  the  counting  rate  observed 
in  the  Hf(KJ  peaks  after  the  exposure.  Data  points  are  plotted  at  the  particular  times  at  which 
the  instantaneous  counting  rate  equals  the  average  counting  rate  measured  over  the  finite  time 
intervals  shown.  The  figure  shows  the  close  agreement  between  the  measured  decay  and  the 
literature  value  for  the  ground-state  halflife  of  8. 1  h.  Analyses  [38,55]  of  the  data  indicated  that 
the  partial  width  for  the  dumping  of  was  around  0.5  eV. 

To  determine  the  transition  energy,  Ej  from  the  *®^a“  isomer  to  the  gateway  level,  a 
series  of  irradiations  [38]  was  made  at  the  S-DALINAC  facility  using  fourteen  different 
endpoints  in  the  range  from  2.0  to  6.0  MeV.  The  existence  of  an  activation  edge  was  clearly 
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seen  in  the  data  shown  in  Fig.  10b.  The  fitting  of  such  data  to  the  expression  of  Eq.  (3)  by 


adjusting  trial  values  of  (aPjg  provided  the  integrated  cross  sections  for  the  dumping  of  ^*“Ta” 
isomeric  populations  into  freely  radiating  states.  Reported  values  [38]  are  summarized  in  Table 
III  and  shown  schematically  in  Fig.  10a.  The  lowest-lying  giant  pumping  resonance  was  found 
at  an  excitation  energy  near  2.8  MeV. 

The  integrated  cross  sections  in  Table  III  are  enormous  values  exceeding  anything 
previously  reported  for  transfer  through  a  bandwidth  funnel  by  two  orders-of-magnitude.  In  fact 
they  are  10,000  times  larger  than  the  values  usually  measured  for  (7,7’)  reactions  in  nuclei. 
in.2.2  Svstematics 

A  survey  of  19  isotopes  [49]  conducted  with  the  four  U.S.  accelerators  over  a  fairly 
coarse  mesh  of  bremsstrahlung  endpoints  confirmed  the  existence  of  giant  resonances  for  the 
photoexcitation  of  isomers  in  the  region  of  masses  near  180.  A  summary  of  the  results  is  shown 
in  Fig.  11.  Activation  edges  observed  in  excitation  functions  measured  [56]  using  the  S- 
DALINAC  continued  to  support  the  identifications  of  integrated  cross  sections  for  pumping  and 
dumping  of  isomers  in  the  mass- 180  region  that  were  on  the  order  of  10,000  times  greater  than 
usual  values.  Another  study  [51]  with  the  S-DALINAC  showed  that  the  giant  pumping 
resonances  reappeared  at  lower  masses  near  120.  The  close  similarity  seen  in  Fig.  11  for 
integrated  cross  sections  and  excitation  energies  for  gateways  between  nuclei  with  such  dissimilar 
single-particle  structures  seems  to  support  the  identification  of  the  giant  pumping  resonances  with 
some  type  of  property  of  the  nuclear  core.  Whatever  the  mechanisms,  the  experimental  fact 
remains  that  interband  transfer  processes  connecting  isomers  to  freely-radiating  levels  can  almost 
commonly  be  pumped  through  enormous  partial  widths  reaching  0.5  eV,  even  when  the  transfer 
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of  angular  momentum  must  be  as  great  as  AK  =  8.  It  seems  this  is  the  nuclear  analog  of  the 
giant  resonance  for  pumping  ruby  at  the  atomic  level. 

in.2.3  Structure 

As  encouraging  as  were  the  studies  showing  the  frequency  with  which  giant  pumping 
resonances  occurred  throughout  the  table  of  nuclides,  a  major  concern  remained.  To  lower 
pump  requirements  for  a  laser  it  is  necessary  that  the  (aF)  be  large,  but  this  alone  is  not 
sufficient.  In  the  ideal  case  [57]  the  integrated  cross  section  would  be  elevated  by  a  strong  width 
multiplying  a  cross  section  for  absorption  having  the  maximum  value  possible  from  Eq.  (6).  In 
that  case  the  ratio  of  pump  power  per  unit  volume  absorbed  resonantly  to  excite  nuclei  to  the 
fraction  absorbed  nonresonantly  and  degraded  to  heat  would  be  the  largest  possible.  This  is  an 
important  factor  in  thermal  survival. 

The  density  of  excited  states  is  very  high  in  the  nuclei  favored  in  Fig.  11,  and  is 
especially  so  in  **'^a  because  it  is  one  of  the  few  stable  odd-odd  nuclei.  It  could  have  been  the 
case  that  the  remarkable  magnitude  found  for  (dF)  in  the  dumping  of  the  population  of 
was  the  result  of  a  great  number  of  adjacent  gateways  with  (aFj^  of  unremarkable  size,  but 
adding  in  Eq.  (3)  to  give  a  surprising  total  yield.  While  such  a  result  would  have  still  been 
exciting,  it  would  have  been  much  less  helpful  in  rejecting  the  waste  pump  power  degraded  to 
heat.  To  show  that  this  was  not  the  case  required  that  scattering  measurements  be  performed. 

From  Fig.  1  it  can  be  seen  that  photoexcitation  events  which  do  not  lead  to  the  population 
of  the  state  f  should  be  detected  by  the  reemission,  or  elastic  scattering,  of  the  incident  photon 
initially  absorbed  by  the  gateway.  In  analogy  with  the  (crF)g  of  Eq.  (5),  the  integrated  cross 
section  for  scattering  can  be  written. 
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(or)oj.  =  [%hlT0Q/2) 


(8) 


n, 


A  large  value  of  (ar)Qj  would  insure  that  enough  photons  could  be  scattered  for  spectroscopic 
analysis  to  determine  at  what  energies  the  corresponding  transitions  were  excited.  In  the  event 
b,  <  1,  some  fraction  of  the  gateway-state  population  would  also  decay  to  the  isomer  to 
contribute  to  ((Tr)^  and  the  energies  for  excitation  of  some  of  the  giant  pumping  resonances  could 
be  accurately  determined. 

The  design  of  an  experiment  to  compliment  activation  measurements  by  identifying 
scattering  from  the  pumping  resonances  requires  a  nuclide  with  several  favorable  properties. 
It  must  have  an  isomer  with  a  reasonable  lifetime  of  seconds  to  hours  and  be  available  in  gram 
quantities  with  isotopic  purity.  Beyond  such  practical  concerns  would  be  the  desire  to  have  the 
nuclear  structure  well-characterized  for  energies  below  those  at  which  giant  pumping  resonances 
would  be  expected.  With  these  constraints  it  was  relatively  straightforward  to  identify  “^In  as 
an  optimal  vehicle  for  a  first  test. 

A  modem  experimental  arrangement  especially  designed  for  nuclear  resonance 
fluorescence  (NRF)  experiments  has  been  recently  described  [58].  The  spectrum  of  the  intense 
bremsstrahlung  produced  by  the  S-DALINAC  accelerator  was  calibrated  in  real  time  from 
readily-resolved  reference  transitions  observed  in  the  scattered  radiation  from  A1  and  B  wafers 
which  sandwiched  the  In  target.  In  order  to  cover  an  energy  range  Ej  =  1.5  -  4.5  MeV, 
measurements  were  performed  at  endpoints  of  3. 1,  4.6  and  5.2  MeV.  The  variation  of  Eq  also 
provided  the  means  to  distinguish  ground-state  (elastic)  transitions  from  decays  to  excited  states. 
Detailed  scattering  spectra  are  shown  in  the  literature  [59]. 
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The  integrated  cross  sections  obtained  from  the  excitation  of  the  final  state,  “^In“  and  the 
photon  scattering  are  shown  in  Fig.  12a.  The  excitation  energies  corresponding  to  the  large 
(aT)^  values  of  gateways  are  shown  in  the  upper  part  of  Fig.  12a.  The  widths  of  the  histograms 
represent  the  experimental  uncertainty  in  those  energies.  The  striking  result  is  that  except  for 
a  few  moderate  levels  around  3.0  and  3.7  MeV,  all  strongly  scattering  (7,7’)  transitions  were 
found  within  the  energy  regions  corresponding  to  the  gateways.  Thus,  those  transitions  (or  a 
subset  thereof)  must  have  been  responsible  for  the  isomer  population.  No  other  (7,7’)  states 
were  resolved  in  the  lower  part  of  Fig.  12a  up  to  Ej  =  5  MeV.  This  confirmed  that  all 
important  pump  bands  in  this  range  had  been  identified. 

Further  insight  was  attained  from  a  theoretical  analysis  within  the  unified-model  [58] 
which  is  well-suited  to  nuclei  like  ”^In  near  shell  closure.  The  configuration  space  was  built  by 
proton  Ih-states  (relative  to  the  semi-magic  "®Sn  nucleus)  and  lp-2h  states  across  the  major  shell 
(relative  to  “‘’Cd)  coupled  to  collective  phonons  (up  to  three  quadrupole  and  two  octupole)  in  the 
underlying  cores.  A  residual  interaction  was  then  used  to  mix  the  two  subspaces.  The 
comparison  to  experiment  was  accomplished  by  first  computing  all  possible  upward  El,  Ml,  or 
E2  transitions  in  such  a  system.  Then  for  states  with  a  large  partial  width  for  transitions  to  the 
ground  state,  the  full  decay  cascade  was  taken  into  account  to  determine  model  values  for  (ar)Qj 
and  (ffr)^.  In  accordance  with  the  experimental  results,  strong  gateways  were  found  only  in  a 
limited  energy  region  above  Ej  =  2.5  MeV;  typical  (ar)^  values  at  lower  energies  were  reduced 
by  a  factor  of  about  10  -  100.  The  total  number  of  important  states  was  small,  in  agreement 
with  the  measurements. 

Figure  12b  presents  the  theoretical  results  which  show  a  rough  division  of  transition 
strengths  into  two  groups  which  might  be  related  to  the  experimental  (ar)fj  data.  Although  a 
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one-to-one  correspondence  seemed  beyond  the  limits  of  the  approach,  simply  summing  the  model 
(o-r)jj  within  each  group  compared  favorably  to  the  experimental  values.  The  overall  agreement 
seemed  quite  encouraging  and  indicated  that  no  major  part  of  the  relevant  configuration  space 
was  missed.  A  detailed  analysis  of  the  main  decay  branches  revealed  a  clear  picture  of  the 
important  amplitudes  in  the  gateway  wavefunctions.  All  theoretical  pump  bands  had  J'  =  112^ 
and  the  coupling  to  the  ground  state  was  dominated  in  all  cases  by  single-particle  lg9/2  lg7/2 

spin-flip  transitions.  The  first  steps  in  the  decays  to  the  isomer  in  the  model  calculations 
proceeded  mainly  via  El  or  E2  transitions. 

The  critical  point  to  be  made  from  this  study,  and  supported  by  similar  results  [60]  for 
the  reaction  *^Y(7,7’)*®Y“,  is  that  nuclear  structure  theory,  scattering  measurements  and 
photoactivation  experiments  all  confirmed  that  giant  pumping  resonances  corresponded  to  a  small 
number  of  discrete  gateways.  Absorption  cross  sections  approached  those  ideals  of  Eq.  (6) 
needed  to  separate  the  wasted  deposition  of  heat  from  the  useful  excitation  of  nuclei  in  a  sample 
pumped  with  intense  x  rays. 

in.2.4  Significance 

The  significance  of  these  favorable  developments  to  laser  feasibility  may  be  appreciated 
with  the  help  of  analogs  from  the  atomic  scale.  In  atoms  there  is  a  familiar  increase  in  the 
density  of  levels  available  for  excitation  as  transition  energies  approach  the  limit  for 
photoionization.  The  number  of  such  Rydberg  states  is  generally  on  the  order  of  n^  where  n 
is  the  principal  quantum.  Thus  it  is  difficult  to  pump  significant  energy  into  a  selected  level 
with  a  continuum  source  of  modest  spectral  width.  The  general  difficulty  in  scaling  x-ray  lasers 
is  a  clear  illustration  of  this  problem  and  it  seems  that  only  the  rigor  imposed  by  selection  rules 
allows  the  few  cases  demonstrated  to  work  at  all. 
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In  nuclei  the  situation  could  have  been  even  worse  because  the  likelihood  is  much  greater 
for  there  to  be  levels  that  from  the  atomic  perspective  would  be  considered  analogous  to  multiply 
excited  states.  The  nuclear  level  density  is  more  difficult  to  specify  quantitatively,  but  an 
approximation  of  exp  (\/n)  is  reasonably  indicative  as  excitation  energies  approach  that  needed 
to  remove  the  first  particle  in  a  photonuclear  reaction.  Since  selection  rules  were  shown  to  be 
bridged  by  the  striking  efficiency  with  which  AK  =  8  could  be  lost  in  ‘*‘Ta,  there  was  a  clear 
hazard  that  highly-excited  nuclear  levels  could  not  be  selectively  excited  as  needed  for  a  gamma- 
ray  laser.  Sum  rules  limit  the  strength  per  unit  bandwidth  available  at  a  particular  transition 
energy  and  there  was  the  possibility  that  the  sum  would  be  smoothly  distributed  over  the  great 
number  of  levels  in  any  interval  of  high  excitation.  Then  the  deposition  of  pump  energy  into 
nuclear  excitation  would  have  been  diluted  into  a  much  larger  volume  by  the  small  cross  sections 
available  to  any  component  transition.  Such  a  distribution  of  gateway  strength  was  not  found, 
constituting  a  second  breakthrough  of  comparable  importance  to  that  achieved  by  dumping  the 
population  of  ‘*^a“. 

The  giant  pumping  resonances  found  in  ^'^In  show  the  transition  strength  is  concentrated 
into  relatively  few  discrete  lines.  The  nuclear  structure  model  identified  this  particular  case  as 
an  example  of  fragmented  spin-flip  transition  strength,  but  the  point  critical  to  laser  feasibility 
is  the  limited  degree  of  the  fragmentation.  Relatively  few  transitions  to  gateway  states  collected 
all  of  that  type  of  transition  strength  available  over  the  range  of  energies  from  2  -  5  MeV.  The 
mechanism  for  this  fragmentation  was  less  clear,  having  arisen  from  detailed  unified-model 
calculations. 

An  interesting  speculation  is  currently  being  investigated  [61,62]  which  may  explain  the 
existence  of  strong,  low-multipolarity  transitions  similar  to  the  giant  pumping  resonances  in 


27 


nuclei  near  mass  180.  At  certain  energies  of  excitation,  collective  oscillations  of  the  core 
nucleons  may  break  the  symmetry  upon  which  rests  the  identification  of  angular-momentum 
projections  of  the  pure  single-particle  states.  Within  this  energy  range  single-particle  states  of 
differing  K  would  be  strongly  mixed  and  the  possibility  for  transferring  larger  amounts  of  AK 
with  greater  partial  widths  might  be  enhanced.  Some  support  for  this  speculation  has  been  found 
in  unexpected  enhancements  to  transitions  which  hinted  at  K  mixing  [61,62].  However,  the  most 
striking  result  was  recently  measured  [63]  for  the  spontaneous  deexcitation  of  the  3.7-fxs  isomer 
i74Hfm  There  the  decay  of  the  isomer  was  found  to  occur  primarily  by  a  transition  through  a 
state  at  2685  keV  in  which  sufficient  K  mixing  occurred  for  AK  =  14  to  be  lost  between  the 
isomer  and  the  ground-state  bands.  As  shown  in  Fig.  13,  this  energy  is  remarkably  close  to  that 
of  the  giant  pumping  resonance  at  2800  +  100  keV  for  and  other  large  gateways  (Fig.  11) 
for  neighboring  nuclei  in  the  mass- 180  island.  The  energetics  for  giant  pumping  resonances  for 
nuclei  with  quite  dissimilar  single-particle  structures  supports  the  identification  of  those  gateways 
with  K-mixing  levels  arising  from  a  core  property.  In  such  a  case,  the  integrated  cross  sections 
and  excitation  energies  would  be  expected  to  vary  slowly  among  neighboring  nuclei.  This 
behavior  [56]  is  seen  in  Fig.  14  that  plots  the  quantity  S  which  is  proportional  to  (aF)  against 
nuclear  deformation,  a  core  property. 

IV.  THERMAL  ECONOMY  OF  A  GAMMA-RAY  LASER 

Our  model  of  a  gamma-ray  laser  for  the  1990’ s  is  not  fundamentally  different  from  the 
nuclear  analog  of  the  ruby  laser  described  [16]  in  1982,  envisioned  as  a  thin  film  of  diluent 
doped  with  isomeric  nuclei  and  pumped  with  a  flash  of  x  rays  in  a  slab  geometry.  The  question 
of  feasibility  still  rests  on  the  degree  to  which  the  properties  of  some  real  nuclide  approach  those 
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of  the  ideals  being  modeled.  What  has  changed  over  the  past  half  decade  is  that  the  discovery 
of  giant  pumping  resonances  has  enabled  some  of  the  original  constraints  to  be  relaxed.  The 
result  is  that  the  feasibility  of  a  gamma-ray  laser  has  been  enhanced  by  orders-of-magnitude  over 
that  originally  estimated  in  1982.  Thus,  as  summarized  here  it  has  been  useful  [57]  to 
recompute  the  model  in  terms  of  the  new  data  obtained  during  the  past  five  years. 

Since  the  better  candidate  isomers  for  a  gamma-ray  laser  have  never  been  fabricated  in 
macroscopic  amounts,  precise  knowledge  of  the  properties  of  the  best  nuclide  is  not  available. 
Moreover,  since  feasibility  is  such  a  complex  function  of  the  nuclear  parameters,  the 
assumptions  introduced  into  any  model  will  critically  affect  the  estimates  of  feasibility  in  strongly 
nonlinear  ways.  For  the  computation  reported  here  the  following  parameters  were  assumed. 

1)  A  single  pump  band  exists  which  is  a  giant  pumping  resonance  with  a  partial 
width  of  bjboT  =  1  eV. 

2)  The  pump  transition  is  centered  on  an  energy  Ej  =  30  keV. 

3)  The  initial  state  is  assumed  to  be  isomeric  with  an  excitation  energy  so  high  that 
2)  is  possible. 

4)  The  output  transition  is  around  100  keV. 

5)  The  active  nuclei  are  diluted  in  a  thin  film  of  diamond  or  Be. 

6)  The  Borrmann  effect  contributes  a  factor  of  10  enhancement  to  the  ratio 
of  cross  sections  for  resonant  to  nonresonant  absorption. 

The  most  sensitive  assumptions  are  those  of  statements  2)  and  3)  about  the  width  and 
excitation  energy  of  the  giant  pumping  resonance.  The  range  of  excitation  energies  over  which 
isomers  can  be  found  is  very  large  and  it  has  already  been  shown  experimentally  that  isomers 
can  be  dumped  into  freely-radiating  states,  even  through  AK  =  8  or  AK  =  14.  The  only  doubt 
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here  is  a  statistical  one;  whether  or  not  a  giant  pump  resonance  can  be  found  within  30  keV  of 
an  isomer. 

Following  our  development  [16]  of  1982,  under  small  signal  conditions  the  midrange 
requirement  of  is  obtained  for  the  pumped  fraction, 


10'^ 


(9) 


where  cr^  and  a^R  are  the  cross  sections  for  useful,  resonant  nuclear  absorption  and  nonresonant 
photoelectric  absorption,  respectively.  The  value  of  10"*  includes  a  Borrmann  enhancement  to 
a  value  of  Cnr/ctr  »  10'^  from  Ref.  [6].  Equation  (9)  sets  the  pump  intensity  needed  for 
threshold,  and  with  it  the  amount  of  waste  heat  to  dissipate. 

The  essential  concept  in  the  management  of  the  thermal  economy  is  that  the  mean  free 
path  (MFP)  for  a  photon  resonant  with  the  nuclear  pump  transition  is  much  shorter  than  the 
MFP  for  nonresonant,  photoelectric  absorption  to  produce  heat.  Also,  the  MFP  for  a 
photoelectron  produced  in  the  nonresonant  channel  is  greater  in  the  diluent  than  the  MFP  for  the 
photons  pumping  the  nuclear  resonance.  This  means  that  a  thin  film  of  diamond  can  be  doped 
or  implanted  with  active  nuclei  to  provide  useful  absorption  of  incident  photons  in  the  bandwidth 
of  the  giant  pumping  resonance  while  the  majority  of  the  nonresonant  photons  will  pass  through 
the  film  into  a  substrate  which  can  be  cooled  by  ablation  or  cryogenics.  Moreover,  primary 
photoelectrons  produced  by  the  small  fraction  of  nonresonant  events  occurring  in  the  film  can 
escape  before  their  energy  is  degraded  to  heat. 

The  quantitative  expression  of  this  strategy  is  obtained  by  substituting  Eq.  (3)  into  Eq. 
(9)  and  assuming  a  single  giant  resonance  dominates  so  that  the  sum  is  unnecessary.  Solving 
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for  the  spectral  intensity,  =  #oF(Ej,Eo)  for  30  keV  pump  photons,  the  spectral  fluence,  Fj  = 
Ej0j  at  threshold  is  found  to  be 

Fj  =  177  mJ  cm-^  .  (10) 

This  gives  the  energy  flux  per  unit  bandwidth  within  the  gateway  resonance  which  must  be 
incident  upon  the  film. 

For  the  likely  cases  of  rare  earth  or  platinide  elements,  the  30  keV  pump  energy  lies 
below  the  K  edge  and  about  15  keV  above  the  L  edge.  As  a  result,  primary  photoelectrons 
produced  by  nonresonant  absorption  in  the  active  medium  should  have  energies  on  the  order  of 
15  keV  and  ranges  of  6.0  and  3.0  [xm  in  Be  and  C,  respectively  [64].  Thus,  only  about  10% 
and  20%  of  the  primaries,  respectively,  should  be  stopped  in  a  0.67  fxm  thick  host  film  of  Be 
or  diamond.  This  thickness  corresponds  to  the  MFP  for  resonant  absorption  at  a  concentration 
of  10%  doping.  The  fraction  of  the  incident  pump  energy  degraded  into  heat  in  the  laser  film 
because  of  nonresonant  absorption  becomes 


f(Be) 

=  4.8  X  l(t*  ,  or 

(11a) 

f<C) 

=  2.4xl(r^ 

(11b) 

Considering  that  edge  filters  or  ablation  layers  could  reduce  the  bandwidth  of  the  pump 
radiation  to  3  keV  before  reaching  the  doped  layer  of  active  medium,  the  incident  fluence  lying 
outside  the  bandwidth  for  resonant  absorption  would  be  3000  times  greater  than  the  value  of  Eq. 
(10).  However,  only  the  fractions  of  Eqs.  (11a)  and  (11b)  are  capable  of  being  degraded  into 
heat  in  the  sensitive  layer.  The  resulting  energy  balance  can  be  summarized  at  threshold  by  the 
first  two  lines  of  Table  IV. 
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Dividing  those  fluences  by  the  0.67  /xm  thickness  gives  the  energy  loading  of  the  laser 
film  shown  in  Table  IV.  These  values  are  quite  significantly  below  the  levels  of  heating 
required  to  degrade  the  recoil-free  fractions  in  the  case  of  Be  or  diamond  lattices.  Baldwin  has 
summarized  [6]  the  involved  dependence  of  the  recoil-free  fraction  of  gamma  transitions  upon 
recoil  energy,  lattice  parameters,  and  temperature.  He  showed  that  even  at  a  temperature,  T 
equal  to  the  Debye  temperature,  0d,  the  recoil-free  fraction  is  not  significantly  degraded  (by 
more  than  a  factor  of  2)  for  a  transition  even  so  energetic  as  to  give  a  classical  recoil  energy  of 
0.14  Gjj.  Since  diamond  is  characterized  by  0d  =  2230  K,  this  means  a  transition  of  100  keV 
is  little  affected  by  a  temperature  increase  up  to  T  =  0^.  It  is  a  textbook  computation  [65]  to 
estimate  that  the  energy  content  of  the  phonons  for  a  material  with  0^  =  2230  K  at  a 
temperature  of  T  =  0o  is  about  11  kJ  cm'^.  Comparing  this  with  the  estimated  thermal  loading 
of  3.8  kJ  cm'^  gives  a  "safety  factor"  of  almost  three.  A  comparable  margin  is  obtained  for  a 
Be  lattice. 

To  summarize,  it  is  convenient  to  recast  the  threshold  fluence  of  Eq.  (10)  into  more 
tangible  terms.  The  spectral  fluence  of  177  mJ  cm'^  eV‘  corresponds  to  530  J  cm'^  if  the 
bandwidth  of  the  pump  x  rays  is  arranged  to  be  3  keV,  a  practical  separation  which  might  be 
filtered  between  K  edges.  Even  if  pumped  instantaneously  so  that  no  waste  heat  were 
transported  away,  the  thermal  loading  would  reach  only  1/3  of  the  limit  for  retaining  the 
Mossbauer  effect  in  a  diamond  lattice.  If  derived  from  an  x-ray  line  of  30  eV  width,  the 
threshold  fluence  would  be  only  5.3  J  cm’^.  In  that  case  the  thermal  loading  would  reach  only 
1/300  of  the  critical  limit. 

Even  beyond  this  point  much  can  be  done  to  reduce  heating  further.  All  calculations  so 
far  considered  the  generation  of  the  waste  heat  to  be  instantaneous.  The  time  for  the  transit  of 
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a  phonon  across  the  0.67-/im  thickness  of  the  inverting  layer  is  on  the  order  of  only  100  ps  so 
that  the  transport  of  significant  amounts  of  heat  into  a  diamond  heat  sink  is  possible  on  a 
nanosecond  time  scale.  Yet  most  of  the  fluorescent  levels  of  interest  for  inversion  [16]  have 
lifetimes  of  tens  of  nanoseconds  to  tens  of  microseconds.  This  is  many  times  the  period  for  the 
transport  of  phonons  out  of  the  film  so  that  orders-of-magnitude  can  be  realized  in  reducing  the 
thermal  loading  further  below  the  limits  specified  so  far.  However,  all  these  techniques  require 
precise  knowledge  about  the  energy  levels  and  absorption  edges  of  the  materials  involved.  Until 
the  properties  of  the  best  candidate  for  a  gamma-ray  laser  are  known,  the  exact  specifications 
of  the  solution  to  the  disposal  of  the  waste  heat  cannot  be  generally  articulated.  The  examples 
summarized  here  show  that  there  are  many  orders-of-magnitude  in  the  safety  margin  between 
likely  amounts  of  heating  and  the  much  larger  amounts  which  can  be  tolerated  in  stiff  lattices 
such  as  Be  and  diamond. 

V.  CANDIDATE  ISOMER  FOR  A  GAMMA-RAY  LASER 

V.l  Candidates  and  Simulations 

An  exact  ranking  of  the  29  candidate  isomers  for  a  gamma-ray  laser  depends  upon  a 
complex  weighting  of  combinations  of  nuclear  parameters,  many  of  which  are  poorly  known. 
However,  the  potential  importance  of  several  nuclides  is  magnified  by  some  very  pragmatic 
considerations.  These  issues  are  typified  by  comparisons  of  the  four  examples  presented  in 
Table  I. 

From  the  perspective  of  shelf  life  and  availability,  i*°Ta”  is  far  superior.  It  is  a  naturally 
occurring  material  composing  0.012  %  of  all  tantalum  and  can  be  prepared  simply  by  separating’ 
natural  Ta  by  atomic  mass.  Samples  of  milligram  weight  exist  and  one  such  specimen  was  used 
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in  the  breakthrough  experiment  that  proved  x  rays  can  dump  the  energy  stored  in  isomeric 
populations.  In  contrast,  the  entire  world  inventory  of  was  reported  in  1992  to  be  about 
10^^  nuclei  [66]  although  recently  this  amount  has  been  increased  to  about  5  X  10'®. 

However,  from  the  perspective  of  triggering  appears  to  be  much  less  practical. 
Although  the  energy  storage  is  still  impressively  high,  the  isomeric  level  lies  quite  low  in  energy 
when  compared  to  the  value  for  the  excitation  of  the  K-breaking  gateway  at  2.8  MeV.  For 
'7*Hf^the  energy  of  the  isomer  at  2.45  MeV  is  the  highest  known  that  still  lies  below  the  likely 
gateway  energy  between  2.5  -  3.0  MeV  [67].  The  isomer  ‘’‘‘Hf”  is  even  higher  at  3.312  MeV, 
but  the  availability  [63]  of  a  spontaneous  transition  down  to  the  K-mixing  level  at  2.685  MeV 
reduces  its  shelf  halflife  to  only  3.7  /xs.  Ideally  for  ease  of  triggering,  an  isomer  would  store 
as  much  energy  as  possible  without  exceeding  that  of  the  K-breaking  level  for  that  nuclide.  As 
long  as  the  transition  energy  needed  for  triggering  is  positive,  the  isomer  cannot  dump 
spontaneously  as  happens  with  The  lifetime  of  the  initial  population  will  then  be  long 

and  problems  of  storage  will  be  minimized.  Guided  to  by  energetics,  a  reasonable  next 

concern  from  the  pragmatic  viewpoint  is  for  the  duration  of  the  trigger  pulse. 

Even  in  the  best  scenarios  the  requirement  for  the  energy  in  a  trigger  pulse  is  large.  The 
problem  is  compounded  if  the  fluorescence  lifetime  of  the  level  into  which  the  isomeric 
population  is  to  be  dumped  is  too  short.  Large  pulsed-power  devices  typically  deliver  their 
outputs  over  durations  of  nanoseconds  to  a  few  microseconds,  so  it  would  be  desirable  to  utilize 
a  laser  candidate  with  strong  fluorescence  lines  of  comparable  lifetimes.  In  this  case  as  well, 
the  is  favorable  since  it  has  transitions  with  lifetimes  of  both  tens  of  ns  and  tens  of  /xs, 

as  will  be  seen  in  the  following  section. 


34 


The  experiments  needed  to  confirm  our  pragmatic  scoring  of  the  better  of  the  29 
candidates  for  a  gamma-ray  laser  have  been  postponed  by  the  difficulties  in  obtaining  samples. 
Thus,  it  has  seemed  fruitful  to  identify  simulation  nuclei  which  could  serve  as  vehicles  with 
which  to  develop  systems  and  instrumentations  for  future  triggering  studies.  To  be  useful  a 
simulation  nuclide  needs  to  have  a  strong  output  fluorescence  transition  that  can  be  reached  by 
cascade  from  a  K-breaking  resonance  pumped  from  the  ground  state  by  intense  x-ray  pulses. 
Moreover  the  levels  radiating  such  transitions  should  have  lifetimes  of  tens  of  ns  to  tens  of  fis. 
Meeting  these  criteria  were  the  four  convenient  simulation  nuclides  listed  in  Table  V  whose 
excitation  we  have  recently  studied  [68]. 

Excitation  of  those  nuclides  was  provided  by  our  4  MeV  Texas-X  linac  which  produces 
150-mA  pulses  of  electrons  of  4-ns  duration  at  a  repetition  rate  of  250  Hz.  These  are  routinely 
converted  to  bremsstrahlung  with  a  cooled  Pt  converter.  The  difficulty  in  this  type  of 
experiment  which  must  be  performed  in  situ  lies  in  Compton  scattering  of  the  bremsstrahlung 
from  the  samples  and  a  milligram-sized  target  support  which  produces  background  noise  that 
tends  to  obscure  gamma  fluorescence.  Our  present  system  has  used  electronic  gating  to  reduce 
the  sensitivity  of  the  detector  during  the  pump  pulses.  A  combination  of  issues  limits  the 
recovery  of  the  data  acquisition  system  by  a  minimum  product  of  fluorescence  energy  and  delay 
time  which  currently  is  150  keV  x  2  /xs.  Shown  in  Fig.  15  are  data  [68]  from  delayed 
fluorescence  at  482  keV  from  the  18-^s  level  of  ‘**Ta  after  a  recovery  time  of  7.22  /xs  from  the 
end  of  the  x-ray  pulse.  The  literature  value  of  the  fluorescence-state  lifetime  agrees  well  with 
the  measured  decay.  The  energetics  of  the  process  are  summarized  in  the  diagram  of  Fig.  16. 
Similar  results  are  shown  in  Fig.'  17  for  the  nuclide  for  which  the  relevant  energy  levels 
are  summarized  in  Fig.  18.  Analyses  of  the  fluorescence  data  using  Eqs.  (1)  -  (4)  yielded  new 
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values  for  the  integrated  cross  sections  for  pumping  of  short-lived  ns  fluorescence.  Figure  19 
shows  these  results  included  in  the  summary  plot  of  Fig.  11.  It  is  encouraging  to  observe  that 
the  systematics  for  the  pumping  of  these  simulated  laser  levels  closely  follows  the  trends  already 
established  for  the  excitation  of  longer-lived  levels  which  were  easier  to  study.  As  yet  the 
complementary  data  on  the  excitation  energies  needed  to  reach  the  pumping  gateways  have  not 
been  measured  in  these  simulations,  but  they  might  reasonably  be  expected  to  also  continue  the 
established  systematics. 

V.2  First-Ranked  Candidate 

The  first  priority  candidate  for  a  gamma-ray  laser  is  the  31 -year  isomer  of  *’®Hf,  superior 
to  the  next  possibilities  by  orders-of-magnitude.  The  energy-level  diagram  [69-71]  for  ^’®Hf  is 
shown  in  Fig.  20  with  prominent  fluorescent  transitions  indicated.  The  fundamental  question 
is  whether  the  giant  pumping  resonance  will  be  found  at  the  level  shown  in  the  figure  that  is 
predicted  by  systematics.  In  case  of  a  weak  success  in  which  K-breaking  is  tending  to  fail  we 
would  expect  pumping  to  preferentially  populate  the  band  to  the  right  of  the  figure.  This  would 
lead  to  fluorescence  at  437  keV  with  35  %  efficiency  from  the  bandhead  having  a  68-^s  lifetime, 
well  within  current  experimental  capabilities  demonstrated  by  the  simulations. 

In  the  event  of  a  strong  success  in  which  K-breaking  is  complete,  we  would  expect  to 
preferentially  populate  the  left-side  band  which  leads  to  fluorescence  at  922  keV  with  65% 
efficiency  and  1247  keV  with  30%  efficiency  from  the  bandhead  having  a  78-ns  lifetime. 
Demonstrations  of  dumping  the  stored  energy  from  the  isomer  would  then  require  the  use  of  an 
accelerator  with  shorter  pulses  such  as  the  APEX-I  device  in  our  facility.  This  e-beam  machine 
produces  30  kA  of  electrons  in  pulses  of  30-ns  duration  at  energies  variable  from  0.7  -  1.2 
MeV.  Although  a  single-shot  device,  it  served  well  in  our  first  investigations  of  gamma 
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fluorescence  [36,42].  Moreover,  there  is  a  great  advantage  in  the  use  of  this  type  of  device 
since  it  can  be  configured  to  use  bremsstrahlung  having  0.7  -  0.8  MeV  endpoints  to  pump  the 
left-side  band  that  will  give  signal  fluorescence  at  1.25  MeV.  It  should  be  straightforward  to 
set  discrimination  levels  in  the  detection  electronics  to  reject  the  scattered  pump  radiation  which 
consists  of  photons  at  much  lower  energies. 

The  expected  number  of  fluorescent  photons  can  be  calculated  with  two  assumptions 
about  the  overall  integrated  cross  section  for  pumping  to  fluorescence, 

=  5  X  crn^  keV  ,  and  (12a) 

(o^)best  —  >  (12b) 

where  the  first  value  is  consistent  with  the  measurements  of  Fig.  19  and  the  second  is  scaled  for 
the  dependence  on  pump  energy  given  by  Eq.  (6).  The  range  of  excitation  energies  spanned  by 
the  measurements  of  Figs.  11  and  19  is  insufficient  to  determine  any  further  correlation  between 
(aF)  and  the  energy  needed  for  triggering.  For  a  target  of  10'*  nuclei,  the  Texas-X  linac  would 
produce  8  x  10*  or  4  X  10^  fluorescence  photons  per  hour  for  the  cross  sections  of  Eqs.  (12a) 
and  (12b),  respectively.  In  that  case  there  is  an  ample  safety  margin  for  the  arrangement  of 
realistic  geometries  for  the  collection  and  detection  of  the  fluorescence. 

VI.  Conclusions 

The  current  cycle  of  research  into  the  feasibility  of  a  gamma-ray  laser  started  in  1982 
with  the  emergence  of  a  strongly  interdisciplinary  approach.  Generally  characterized  by  the 
study  of  nuclear  analogs  of  concepts  of  quantum  electronics  already  proven  at  the  atomic  and 
molecular  levels,  major  advances  have  been  realized  in  this  period.  Documented  throughout  this 
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volume,  they  provide  a  richness  of  options  for  developing  output  coherence  once  excited  nuclear 
states  can  be  coupled  to  the  radiation  field. 

Reviewed  here  have  been  our  own  works  concerned  with  pumping  (or  triggering)  enough 
nuclei  into  states  which  can  be  coupled  when  desired.  Supported  by  strong  collaborations  with 
colleagues  at  the  Technische  Hochschule  Darmstadt,  the  Flerov  Laboratory  for  Nuclear 
Reactions  at  Dubna,  and  the  CSNSM  and  IPN  Laboratories  at  the  Orsay  Campus,  major 
breakthroughs  have  been  achieved  that  drastically  improve  the  prospects  for  success.  Primary 
has  been  the  discovery  of  K-breaking  levels  in  some  nuclei  at  reasonably  accessible  energies. 
Unknown  before  1988  [55],  such  levels  have  significance  also  in  astrophysics  [72],  and  were 
independently  found  in  the  decay  of  exotic  nuclei  [63]  in  1990. 

Transitions  to  the  K-breaking  levels  provide  giant  pumping  resonances  which  are 
analogous  to  the  bandwidth  funnels  that  made  the  ruby  laser  possible.  Since  they  can  be 
accessed  either  from  ground  states  or  from  isomeric  levels,  K-breaking  levels  make  ex-situ 
pumping  of  a  gamma-ray  laser  a  reasonable  proposition.  Precursive  nuclides  can  be  pumped 
into  isomeric  states  either  by  reactors  or  by  accelerators  outside  of  the  more  fragile  structures 
in  which  they  would  be  used.  Studies  of  systematics  have  shown  the  pervasive  occurrence  of 
K-breaking  levels  across  islands  of  mass  that  contain  the  29  candidate  isomers  originally 
preferred  for  a  gamma-ray  laser.  In  principle,  many  of  these  isomers  could  be  produced  ex-situ 
so  that  the  requirements  for  triggering  the  conversion  to  freely-radiating  states  would  represent 
relatively  modest  demands  for  the  remainder  of  the  in-situ  pumping  to  the  K-breaking  level. 
While  computations  of  the  thermal  economy  of  the  in-situ  step  depend  upon  high  exponents  of 
the  unknown  properties  of  the  particular  isomer  and  its  host  medium,  reasonable  targets  are  not 
necessarily  destroyed  by  the  waste  pump  power.  Safety  margins  of  orders-of-magnitude  built 
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into  the  estimates  of  thermal  loading  anticipate  the  emergence  of  parameter  values  less  favorable 
than  those  modeled. 

Most  recently,  an  extension  of  the  systematics  studies  has  shown  that  the  favorable 
occurrence  of  giant  resonances  for  pumping  nuclear  fluorescence  extends  to  the  excitation  of 
laser-like  transitions  having  lifetimes  on  the  order  of  fis.  Also,  the  basic  structural  concept  of 
doping  the  working  nuclides  into  a  thin  diamond  film  at  a  target  concentration  of  10%  has  been 
demonstrated  [73]  and  examples  of  Mossbauer  nuclei  implanted  into  diamond  are  already 
commercially  available. 

From  the  larger  perspective  it  seems  reasonable  to  conclude  that  the  first  breakthrough 
in  determining  the  feasibility  of  a  gamma-ray  laser  has  been  followed  by  a  second.  The  proof 
that  isomeric  populations  can  be  dumped  by  pumping  them  with  intense  pulses  of  x  rays  has 
been  followed  by  the  demonstration  that  the  strengths  for  doing  so  are  fragmented  into  relatively 
few  discrete  transitions  of  great  intensity.  These  are  precisely  the  necessary  conditions  for  the 
concentration  of  useful  pump  power  into  the  selective  excitation  of  nuclear  populations  while 
dissipating  power  degraded  to  heat  in  much  larger  volumes.  In  the  test  case  of  "^In,  most 
amenable  to  computation,  the  pump  step  was  found  to  be  a  spin-flip  transition  whose  strength 
was  only  slightly  fragmented  into  weaker  components  despite  the  higher  state  densities  between 
2-5  MeV.  Complete  agreement  was  demonstrated  between  our  pumping  measurements, 
independent  scattering  studies  and  theory  in  1991  [59].  The  particular  structure  of  the  K- 
breaking  levels  in  the  higher  mass  range  of  most  importance  has  been  proposed  for  the  case  of 
'’‘‘Hf  [63].  We  have  tried  to  develop  algorithms  for  rationalizing  transition  strengths  in 
neighboring  nuclides  from  scaling  studies  like  that  of  Ref.  [56],  but  the  matter  of  accurate, 
interpolation  among  the  measurements  remains  a  complex  question. 
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While  the  paucity  of  actual  samples  has  inhibited  the  final  demonstration  of  feasibility, 
estimates  of  likely  yields  from  such  experiments  have  shown  that  strong  levels  of  fluorescence 
from  laser-like  levels  of  the  31-year  isomer  should  be  observable  when  the  material 

becomes  available.  On  the  basis  of  shelflife  and  energy  storage  it  seems  a  clear  choice  for  the 
best  candidate  isomer  for  induced  gamma-ray  emission  [67],  a  key  triggering  step  in  a  gamma- 
ray  laser.  These  conclusions  would  seem  to  provide  a  strong  motivation  for  the  production  of 
this  first  ranked  candidate  for  use  in  a  gamma-ray  laser.  If  two  steps  of  ex-situ  pumping  can  be 
considered,  it  also  serves  as  a  vehicle  for  an  interesting  proposal  [74].  The  estimates  of  the 
likely  yields  from  a  microweight  sample  with  the  Texas-X  suggest  that  a  macroscopic  sample 
could  be  converted  by  *’*Hf^(7,n)’'^Hf^  with  a  more  robust  source  to  produce  a  significant 
amount  of  the  51-minute  As  described  in  a  companion  article  in  this  issue  [67], 

systematics  indicate  that  the  transition  energy  from  that  latter  isomer  to  the  K-mixing  level  is  too 
small  to  estimate.  It  might  serve  very  well  for  one  of  the  many  attractive  schemes  for  a  gamma- 
ray  laser  in  which  very  low-energy  photons  are  used  to  mix  properties  of  an  isomeric  level  with 
those  of  some  member  of  a  freely-radiating  yrast  band  which  is  nearly  resonant  in  energy. 

The  strongest  conclusion  to  communicate  here  is  that  the  persistent  tenets  of  theoretical 
dogma  which  have  historically  [6]  inhibited  the  development  of  a  gamma-ray  laser  have  been 
eliminated  by  experimental  studies  of  the  past  five  years.  There  is  no  need  to  melt  the  host 
lattice  in  order  to  pump  a  nuclear  system  to  the  laser  threshold.  There  are  no  a  priori  obstacles 
to  the  realization  of  a  gamma-ray  laser.  A  gamma-ray  laser  seems  feasible  if  the  right 
combination  of  energy  levels  occurs  in  some  real  material.  The  overriding  question  to  resolve 
is  whether  or  not  one  of  the  better  of  the  candidate  nuclides  has  its  isomeric  level  within  a  few 
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tens  or  even  hundreds  of  keV  of  one  of  the  giant  resonances  for  dumping  angular  momenta  as 
seems  to  be  the  case  with  the  priority  candidate  for  a  gamma-ray  laser, 
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TABLE  I 


Summary  of  important  properties  [35]  of  four  of  the  29  most  promising  candidate  isomers  for 
a  gamma-ray  laser. 


Isomer 

Energy  Density 

Shelf  Halflife, 

Trigger  Photon 

^1/2 

[MeV] 

177HP 

1,500 

51  min 

~  0 

178jjfto2 

1,300 

31  yr 

<  0.5 

179Hfn 

600 

25  d 

~  1.5 

ISOp^m 

40 

>  10^^  yr 

~  2.8 

TABLE  II 


Summary  of  nuclides,  and  excitation  energies,  Ej  and  integrated  cross  sections  for  their  gateway 
states,  that  are  sufficiently  well-known  from  the  literature  to  permit  their  use  as  calibration 
standards.  Some  integrated  cross  sections  were  calculated  by  Eqs.  (5)  and  (6)  using  constituent 
parameters  found  in  the  literature  [34,35],  while  other  values  were  directly  obtained  in  the 
referenced  experiments. 


Isomer 

'^1/2 

^fluor 

Ej 

[10'^®  cm^  keV] 

[keV] 

[MeV] 

Levels  useful  below  1.4  MeV 

[36,39,42] 

17.45  s 

162 

0.250 

0.20 

0.480 

0.87 

0.818 

0.7 

1.005 

30 

79Br“ 

4.9  s 

207 

0.761 

5.9 

2.8  h 

388 

1.2 

8.5 

llSmm 

4.5  h 

336 

1.078 

18.7 

II  Levels  useful  below  4  MeV  [39,47,48,75] 

79Br>“ 

4.9  s 

207 

1.8 

65 

87g^m 

2.8  h 

388 

1.9 

16 

2.7 

430 

iisin-n 

4.5  h 

336 

1.4 

64 

1.6 

10.1 

2.8 

540 

3.3 

760 

i37Ba“ 

2 . 6  min 

662 

3.2 

220 
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TABLE  m 


Recently  measured  values  [38]  of  integrated  cross  sections  and  excitation  energies  for  gateways 


in  the  reaction  ^*‘Ta“(7,7’)'®^a. 


Ej  [MeV] 

[10'^®  cm^  keV] 

2.8  ±0.1 

12,000  ±  2,000 

3.6  ±0.1 

35,000  ±  5,000 
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TABLE  IV 


Summary  of  the  thermal  economy  at  threshold  for  a  gamma-ray  laser  nuclide  doped  into  a  film 
of  0.67-^m  thickness  of  the  low-Z  materials  shown. 


Quantity 

Material 

Be  C  (Diamond) 

Resonant  input  fluence 

177  mJ  cm‘^ 

177  mJ  cm'^ 

Fluence  degraded  to  heat 

127  mJ  cm'^ 

255  mJ  cm'^ 

Resonant  energy  density 

2.6  kJ  cm'^ 

2.6  kJ  cm'^ 

Thermal  loading 

1.9  kJ  cm'^ 

3.8  kJ  cm'^ 
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TABLE  V 


Summary  of  properties  [35,71]  of  nuclides  useful  in  simulating  the  pumping  of  the  better  of  the 
29  candidates  for  a  gamma-ray  laser. 


Nuclide 

Abundance 

[%] 

Output 

transitions 

[keV] 

Fluorescence 

lifetime 

[MS] 

»'Br 

49.31 

260 

37.6 

216 

176Hf 

5.206 

736 

9.6,  9.9 

1043 

i8iTa 

99.998 

346 

18 

482 

“iRg 

13.1 

521 

92 

CAPTIONS 


Figure  1:  Schematic  representation  of  the  pumping  of  a  fluorescence  level  through  a  pump 
band,  or  gateway  state,  of  natural  width  F.  The  initial  level  from  which  population  is  excited 
with  an  absorption  cross  section  cto  can  be  either  a  ground  state  or  an  isomer.  The  branching 
ratios  b,  and  bo  give  the  probabilities  that  the  gateway  will  decay  directly  back  to  the  initial  state, 
and  directly  or  by  cascade  to  the  fluorescence  level,  respectively.  Only  a  single  gateway  is 
shown  but  there  could  be  more;  the  index  j  is  used  to  identify  individual  pump  bands. 

Figure  2;  (a)  Calculated  spectral  distribution  function,  F(E,Eo)  for  a  typical  bremsstrahlung 
continuum  (dashed  line)  with  an  endpoint  of  Eq  =  3.5  MeV  plotted  with  the  left-hand  axis. 
Gateway  excitation  energies  and  integrated  cross  sections  available  from  the  earlier  literature 
[39]  are  shown  by  the  thin  vertical  bars  and  are  plotted  with  the  right-hand  axis.  The  thick 
vertical  bar  indicates  a  gateway  found  in  the  recent  experiments  of  Ref.  [38].  All  gateway 
parameters  are  listed  in  Table  II.  (b)  Measured  activations,  A^)  obtained  using  five  different 
accelerators  [37,38,49]  for  the  reaction  *’Sr(7,7’)*’Sr“  plotted  with  symbols  as  functions  of 
bremsstrahlung  endpoint.  The  solid  curve  plots  the  expected  excitation  function  computed  with 
the  model  of  Eqs.  (1)  -  (6). 

Figure  3:  Spectral  intensity  expressed  in  units  of  total  photon  energy  per  unit  bandwidth  for  1.4- 
MeV  bremsstrahlung  from  DNA/PITHON  measured  [42]  using  the  XAN  technique  (symbols) 
with  the  gateway  parameters  of  Table  II,  compared  with  a  spectrum  computed  (curve)  with  the 
TIGER  code  [32].  Uncertainties  of  the  measured  points  are  comparable  to  the  size  of  the 
symbols  except  where  otherwise  indicated. 
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Figure  4:  Instantaneous  spectral  intensity,  (f)  for  4-MeV  bremsstrahlung  from  the  Texas-X 
measured  [47]  using  the  XAN  technique  (symbols)  with  the  gateway  parameters  of  Table  II, 
compared  with  a  spectrum  computed  (lines)  with  the  EGS4  code  [31].  Statistical  errors 
associated  with  the  calculations  are  indicated  by  the  bars  on  the  histograms.  Uncertainties  of 
the  measured  points  are  comparable  to  the  size  of  the  symbols  except  where  otherwise  indicated. 

Figure  5:  Fluorescence  data  [49]  from  the  decay  of  ‘®’Er“  following  its  excitation  with  6-MeV 
bremsstrahlung  from  a  medical  linac  for  an  irradiation  of  25  s.  The  pulse-height  (energy) 
spectrum  of  (a)  and  the  multichannel-scalar  (decay)  spectrum  of  (b)  were  obtained  using  a 
NaI(Tl)  spectrometer.  The  measurements  of  fluorescence  energy  and  lifetime  were  in  excellent 
agreement  with  the  literature  values  [35]. 

Figure  6:  Fluorescence  data  [49]  from  the  decay  of  *^^Te”  following  its  excitation  with  6-MeV 
bremsstrahlung  from  a  medical  linac  for  an  irradiation  of  2  h.  The  pulse-height  (energy) 
spectrum  of  (a)  and  the  counting-rate  (decay)  spectrum  of  (b)  were  obtained  using  a  HPGe 
spectrometer.  Counting  periods  used  to  obtain  the  measurements  of  (b)  were  10  h.  The 
measurements  of  fluorescence  energy  and  lifetime  were  in  excellent  agreement  with  the  literature 
values  [35]. 

Figure  7:  Schematic  energy-level  diagram  [34,55]  of  ‘*‘^a  and  its  daughters.  Energies  are 
given  in  keV  and  the  halflives  of  the  tantalum  ground  state  and  the  isomer  are  shown.  The 
upward  arrow  indicates  the  pump  transition  to  the  gateway  represented  by  the  hatched  level. 
The  cascade  from  the  gateway  is  unknown  but  leads  to  the  ground  state  which  transmutes  to  the 
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two  daughters  by  electron  capture  and  beta  decay.  The  primary  signatures  of  the  decay  of  the 
ground  state  are  K  lines  from  **“Hf  characterized  by  the  lifetime  of  the  parent,  ‘*'Ta®. 

Figure  8;  Pulse-height  spectra  [55]  showing  fluorescence  counting  rates  from  an  enriched 
sample  of  before  (dotted)  and  after  (solid)  irradiation  with  the  6-MeV  medical  linac.  The 
measurements  were  made  with  a  HPGe  spectrometer.  The  prominent  K  lines  from  daughter 
isojjf  jiucigi  produced  by  decay  of  ^^*^a  ground  states  indicate  the  dumping  of  significant 
numbers  of  **^a  isomers  in  this  mg-sized  sample. 

Figure  9:  Decay  spectrum  [55]  plotting  counting  rates  measured  for  the  Hf  K„  lines  seen  in  Fig. 
8  as  a  function  of  time  elapsed  from  the  end  of  the  irradiation.  The  measurements  were  made 
over  the  intervals  shown  and  uncertainties  in  the  observations  were  comparable  to  the  size  of  the 
plotted  symbols.  The  measured  decay  rate  was  in  excellent  agreement  with  the  literature  value 

[35]. 

Figure  10:  (a)  Calculated  spectral  distribution  function,  F(E,Eo)  for  a  typical  bremsstrahlung 
continuum  (dashed  line)  with  an  endpoint  of  Eq  =  3.5  MeV  plotted  with  the  left-hand  axis. 
Gateway  excitation  energies  and  integrated  cross  sections  measured  in  the  experiments  of  Ref. 
[38]  are  shown  by  the  thick  vertical  bars  and  are  plotted  with  the  right-hand  axis,  (b)  Measured 
activations,  Af(Eo)  obtained  with  the  S-DALINAC  [38]  for  the  reaction  »’Sr(7,7’)»’Si“  plotted 
with  symbols  as  functions  of  bremsstrahlung  endpoint.  The  activation  edge  at  2.8  ±  0.1  MeV 
indicated  the  excitation  energy  of  the  lowest  gateway;  its  magnitude  was  sufficient  to 
characterize  it  as  a  giant  pumping  resonance. 
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Figure  11;  Integrated  cross  sections  and  excitation  energies,  plotted  with  the  left-hand  and  right- 
hand  axes,  respectively,  for  gateways  measured  in  the  experiments  of  Refs.  [38,49,56]  which 
pump  or  dump  populations  of  isomers.  The  groupings  of  pumping  strengths  seen  in  the  figure 
correspond  to  mass  islands  between  magic  numbers  for  neutrons  and  protons.  The  best 
candidates  for  a  gamma-ray  laser  lie  within  the  mass- 180  island  which  contains  the  largest  values 
of  integrated  cross  section  corresponding  to  giant  pumping  resonances.  Within  each  island,  the 
integrated  cross  sections  and  gateway  excitation  energies  vary  only  slowly  with  changing  mass 
number.  A,  despite  differing  single-particle  structures  among  neighboring  nuclides. 

Figure  12:  Comparison  of  integrated  cross  sections  [59]  for  “^In  plotted  as  functions  of  gateway 
excitation  energy,  Ej,  obtained  from  (a)  experimental  measurements  and  (b)  unified-model 
calculations.  The  upper  panels  show  values  of  ((Tr)fj  of  Eq.  (5)  for  the  photoexcitation  reaction 
“^In(7,7’)”*In”,  while  the  lower  panels  show  values  of  ((rr)oj  of  Eq.  (8)  for  elastic  photon 
scattering,  “*In(7,7)”*In. 

Figure  13:  Energetics  for  the  spontaneous  decay  of  the  3.7-/iS  isomer  through  a  K-mixing 
level  at  2.6  MeV  which  provided  AK  =  14,  compared  with  that  for  the  dumping  of  populations 
of  through  a  giant  pumping  resonance  at  2.8  i  0. 1  MeV  which  provided  AK  =  8.  Both 
intermediate  levels  are  expected  to  be  admixtures  of  single-particle  states  having  differing  values 
of  the  K  quantum  number. 

Figure  14:  Isomer  excitation  probabilities,  S  plotted  as  a  function  of  ground-state  deformation, 
5  showing  a  slow  variation  consistent  with  a  core  property  for  the  giant  pumping  resonances 
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[56].  The  quantity  S  =  (ar)i3/Ej,  defined  assuming  a  dipole  character  for  the  absorption  step, 
is  summed  over  the  energy  region  2-4.5  MeV  and  is  proportional  to  the  reduced  transition 
probability. 

Figure  15:  Fluorescence  detected  at  482  keV  from  the  decay  of  the  615  keV  isomer  of  **^Ta. 
The  data  were  obtained  [68]  using  a  gated  detector  system  and  corresponded  to  nearly  10 
acquisition  cycles  taken  over  45  min.  The  solid  line  shows  a  fit  to  the  data  which  agrees  well 
with  the  literature  value  [34]  for  the  lifetime  of  the  615-keV  level. 

Figure  16:  Schematic  diagram  showing  the  energy  levels  [71]  important  for  the  excitation  of 
the  615-keV,  18-)Lts  state  in  ^*‘Ta.  The  large  upward  arrow  indicates  the  absorption  transition 
to  a  gateway  located  [68]  near  2.8  MeV  which  populates  that  laser-like  level  by  a  branch  of  its 
decay  cascade  (shown  by  the  dashed  arrow).  Transitions  providing  photons  used  to  detect  the 
fluorescence  are  indicated  with  their  energies. 

Figure  17:  Fluorescence  detected  from  the  decay  of  the  1333  keV  isomer  of  The  data 
were  obtained  [68]  using  a  gated  detector  system  and  corresponded  to  nearly  10*  acquisition 
cycles  taken  over  5  min.  The  solid  line  shows  a  fit  to  the  data  which  agrees  well  with  the 
literature  value  [34]  for  the  lifetime  of  the  1333-keV  level. 

Figure  18:  Schematic  diagram  showing  the  energy  levels  [71]  important  for  the  excitation  of 
the  1333-keV,  9.6-/iS  state  in  *’*Hf.  The  large  upward  arrow  indicates  the  absorption  transition 
to  a  gateway  located  [68]  near  2.8  MeV  which  populates  that  laser-like  level  by  a  branch  of  its 
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decay  cascade  (shown  by  the  dashed  arrow).  Transitions  providing  photons  used  to  detect  the 
fluorescence  are  indicated  with  their  energies. 

Figure  19:  Integrated  cross  sections  for  populating  laser-like  levels  in  the  simulation  nuclei 
superimposed  on  those  of  Fig.  1 1  for  the  pumping  and  dumping  of  long-lived  isomers.  Again, 
the  groupings  correspond  to  mass  islands  between  magic  numbers  and  the  best  candidates  are 
identified  as  neighbors  of  **^a. 

Figure  20:  Schematic  energy-level  diagram  [69-71]  of  "*Hf.  The  spontaneous  decay  of  the  31- 
year  isomer  proceeds  through  an  yrast  band  which  does  not  excite  transitions  in  the  left-hand  K 
=  6  band  or  the  K  =  14  band.  The  68-/iS  bandhead  decays  by  cascade  through  the  right-hand 
K  =  8  band.  The  position  of  the  K-mixing  giant  pumping  resonance  inferred  from  systematics 
is  shown  by  the  wide  shaded  band  near  2.8  MeV  and  the  large  upward  arrow  indicates  the  pump 
transition  from  the  31-year  isomer.  Transitions  providing  fluorescence  photons  useful  for  the 
detection  of  the  pumping  reaction  are  identified  along  with  their  energies. 
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ABSTRACT 

Systematics  for  the  appearance  of  K-mixing  levels  for  the  pumping  or  spontaneous  decay 
of  multi-quasiparticle  isomers  in  Hf  isotopes  are  detailed  in  this  letter.  The  possible  location  of 
such  a  level  in  the  nuclide  *’*Hf  is  discussed  and  an  experiment  is  proposed  to  investigate  its 
existence. 
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Multi-quasiparticle  states  in  the  isotopes  of  Hf  appear  as  high-spin  isomers  that  are 
distinguished  by  the  combination  of  MeV  excitation  energies  and  long  lifetimes  [1].  As  is 
typical  for  mid-shell  isotopes,  Hf  nuclei  have  marked  prolate  deformations  that  provide  a  body 
axis  upon  which  the  total  angular  momentum,  J  can  be  quantized  in  units  of  Kh.  Thus  multi¬ 
quasiparticle  states  serve  as  the  heads  of  rotational  bands  corresponding  to  large  values  of 
projection  quantum  number,  K. 

The  Hf  isomers  also  have  angular  momenta  which  are  quite  different  from  those  of  other 
intrinsic  nuclear  states.  Since  strong  electromagnetic  transitions  are  generally  characterized  by 
low  orders  of  multipolarity,  L  and  selection  rules  require  |  AJ|  ^  L,  the  apparent  necessity  for 
large  changes  in  angular  momentum  would  seem  to  be  the  cause  of  the  long  isomeric  lifetimes. 
However,  large  AJ  transitions  need  not  be  required.  The  excitation  energies  of  multi¬ 
quasiparticle  states  are  so  great  that  levels  with  similar  angular  momenta  can  be  found,  built 
upon  the  low-spin  ground  state  from  as  many  as  10  - 15  quanta  of  rotation,  while  still  remaining 
below  the  energy  of  the  isomers.  Thus  the  selection  rule  upon  AJ  alone  cannot  be  the  cause  of 
the  isomerism. 

The  long  lifetimes  of  multi-quasiparticle  states  of  Hf  result  from  the  analogous  selection 
rule  upon  K,  generally  accepted  to  be  |  AK  |  ^  L  for  transitions  between  states  in  different 
rotational  bands.  This  is  the  restriction  which  severely  hinders  electromagnetic  decay  of  the 
isomers  to  yrast  levels  of  similar  J,  but  dissimilar  K.  While  providing  storage  of  great  energy 
densities,  the  selection  rule  on  K  would  also  seem  to  vitiate  otherwise  attractive  proposals  to  use 
concentrations  of  high-spin  isomers  for  superelastic  particle  beam  applications,  (7,7’)  frequency 
upconversion,  and  the  nuclear  analog  to  the  ruby  laser.  It  is  very  difficult  a  priori  to  conceive 
of  a  trigger  process  or  reaction  which  would  transfer  so  much  AK  as  would  be  needed  to 
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deexcite  populations  of  high-spin  isomers  to  freely-radiating  states  in  an  efficient,  controlled 
manner. 

The  key  to  transitions  between  high-spin  isomers  of  Hf  and  yrast  states  may  lie  in  the 
existence  of  mediating  levels  having  mixed  values  of  K.  Those  "K-mixing"  levels  would  be 
described  by  superpositions  of  eigenfunctions  for  several  different  projection  quanta 
corresponding  to  comparable  values  of  J  and  could  be  reached  by  transitions  of  low  multipolarity 
both  from  isomers  and  from  members  of  bands  built  upon  much  lower  values  of  K.  A 
discussion  of  what  type  of  perturbation  could  provide  the  interaction  energy  necessary  for  such 
a  fortunate  K  mixing  is  left  for  later. 

The  first  evidence  for  the  deexcitation,  or  "dumping,"  of  a  multi-quasiparticle  isomer 
through  a  K-mixing  level  seems  to  have  been  reported  in  1987  and  published  [2]  in  1988. 
Populations  of  the  lO'^-year,  two-quasiparticle  isomer  were  dumped  to  the  ground  state 

in  the  reaction  i*'Ta”(7,7’)‘*'^a,  despite  a  total  change  of  AK  =  8.  Identified  [3]  in  1990  as 
proceeding  directly  through  a  previously  unobserved  state  at  2.8  MeV,  the  reaction  was  found 
to  be  excited  with  a  surprisingly  large  integrated  cross  section  of  1.2  x  10'^  cm^  keV. 
Independently,  the  same  year  the  deexcitation  of  the  3.7-/is,  four-quasiparticle  isomer  was 
reported  [4]  to  occur  as  a  result  of  spontaneous  emission  through  a  K-mixing  level  lying  below 
the  metastable  state  at  2.685  MeV  and  providing  AK  =  14.  The  similarity  of  the  excitation 
energies  of  the  mediating  levels  in  ‘*‘^a  and  "^Hf,  on  the  order  of  a  pairing  interaction, 
suggested  an  examination  of  the  systematics  of  other  (7,7’)  reactions  that  spanned  large  AK. 
While  those  reactions  might  have  proceeded  through  complex  cascades,  they  could  have  also 
benefited  from  more  direct  transitions  through  K-mixing  states. 

Figure  1  summarizes  the  results  reported  earlier  for  a  systematic  investigation  [5,6]  of 
integrated  cross  sections  and  excitation  energies  measured  for  (7,7’)  processes  mediating  large 
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changes  of  AK.  The  only  known  reactions  starting  on  multi-quasiparticle  levels  seem  to  be  those 
of  and  so  the  others  shown  are  for  the  excitation  of  one-  or  two-quasiparticle 

isomers  from  ground-state  targets.  Nevertheless,  the  trend  is  compelling  and  suggests  the 
pervasive  existence  of  a  K-mixing  level  between  2.5  -  2.8  MeV  in  many  mid-shell  nuclides 
below  p  =  82.  Moreover,  the  values  of  integrated  cross  section  for  (7,7’)  reactions  occurring 
through  such  levels  seem  to  peak  in  this  region,  notwithstanding  the  large  AK  between  initial 
and  final  states.  Such  magnitudes  would  suggest  strong  transitions  of  low  multipolarity, 
requiring  the  change  in  K  to  occur  in  the  mediating  state. 

The  persuasive  nature  of  the  data  plotted  in  Fig.  1  encourages  the  tentative  conclusion 
that  a  similar  K-mixing  level  can  be  expected  in  the  "*Hf  system.  This  would  be  particularly 
important  for  the  31-year,  four-quasiparticle  isomer  since  such  an  intermediate  state  could 

connect  it  to  yrast  states,  providing  the  means  for  realizing  an  induced  release  of  the  stored 
energies.  Unfortunately,  few  studies  have  been  conducted  for  reactions  involving  due 

to  great  difficulties  in  obtaining  appropriate  targets.  The  present  objective  is  to  attempt  to 
estimate  the  parameters  that  would  describe  such  a  reaction,  ‘’*Hf^(7,7’)‘’*Hf  from  the  data 
which  has  recently  become  available  [7]. 

Figure  2  shows  an  expanded  view  of  the  data  of  Fig.  1  for  the  mass  island  immediately 
below  p  =  82.  Measured  excitation  energies  of  apparent  K-mixing  levels  mediating  those 
reactions  are  plotted  as  X  and  -I-  symbols  by  the  right-hand  ordinate  and  fall  between  2.5  -  2.8 
MeV,  defining  an  interval  AE^  within  which  such  levels  may  be  reasonably  expected.  The 
circles  give  the  energies  of  the  four-  and  five-quasiparticle  isomers 

and  which  trend  to  lower  values  with  increasing  mass  numbers.  Relevant  parameters 

for  those  isomers  are  shown  in  Table  I.  The  important  detail  in  Fig.  2  is  the  position  of  those 
isomers  relative  to  the  possible  excitation  energies  of  K-mixing  levels.  At  present  no  direct 
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observations  of  (7,7’)  reactions  are  available  for  those  isotopes  and  thus  the  discussion  is  based 
on  AEk  which  bounds  the  likely  energies  of  mediating  states. 

For  and  the  isomers  lie  well  above  the  upper  bound  of  AEk  and  it  can  be 
reasonably  expected  from  Fig.  2  that  those  multi-quasiparticle  states  would  be  relatively  short¬ 
lived  due  to  the  availability  of  K-mixing  states  which  could  mediate  spontaneous  decay.  As 
mentioned  before  this  is  indeed  the  case  for  with  a  halflife  of  3.7  /is.  Similarly,  HP 
has  a  1.21-^s  halflife.  In  the  case  of  the  isomer  lies  at  2.866  MeV,  slightly  above  the 

upper  bound  of  AEk.  Thus,  it  could  be  expected  to  have  a  short  lifetime  somewhat  lengthened 
by  a  small  transition  energy  to  a  K-mixing  level.  This  is  supported  by  a  measured  halflife  of 
401  fis.  The  isomer  lies  just  below  the  upper  bound  of  AEk,  possibly  at  a  lower  energy 

than  any  mediating  state.  In  that  event  a  long  lifetime  would  be  suggested  since  spontaneous 
decay  could  not  occur,  but  this  could  also  be  the  result  if  a  K-mixing  level  were  located  little 
below  the  isomer.  The  measured  halflife  of  51  min  agrees  well  with  either  possibility.  Of  most 
importance  to  the  present  discussion,  the  isomer  appears  to  lie  below  the  likely  position 

of  a  mediating  state.  This  points  to  a  long  lifetime  and  indeed  the  measured  value  is  31  years. 
Clearly  the  known  halflives  of  these  multi-quasiparticle  Hf  isomers  agree  well  with  the 
speculation  that  K-mixing  levels  are  prevalent  and  lie  between  2.5  -  2.8  MeV. 

The  strong  dependence  of  isomer  lifetime  on  the  possible  excitation  energy  of  a  mediating 
state  is  shown  directly  in  Fig.  3.  Again,  AEk  indicates  the  interval  within  which  all  measured 
values  for  possible  K-mixing  levels  lie.  This  interval  can  be  further  constrained  by  comparing 
the  data  to  lifetimes  derived  from  single-particle  widths.  Since  low-multipolarities  would  be 
indicated  for  transitions  between  the  isomers  and  states  of  mixed  K,  dipole  radiation  is 
considered  here.  Derived  using  the  typical  l/(Ej  -  Ek)^  dependence  for  dipole  transition  widths 
where  E;  is  the  isomer  energy  and  Ek  is  the  energy  of  the  mediating  level,  the  curves  in  Fig.  3 
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show  halflives  in  good  agreement  with  the  measured  values.  It  is  doubtful  that  a  K-mixing  state 
could  lie  much  below  the  isomer  without  affecting  its  51  min  lifetime.  Thus,  the  value 

Ek  =  2.7  MeV  used  to  generate  the  curve  passing  just  below  that  isomer  represents  a  lower 
bound  on  the  likely  energy  of  an  intermediate  state  of  mixed  K.  Likewise,  =  2.8  MeV 
provides  an  upper  bound  for  that  energy  since  larger  values  produce  curves  which  do  not 
reproduce  the  lifetimes  of  the  isomers  *’'‘Hf“,  and  The  excellent  agreement  seen 

between  halflives  predicted  for  dipole  transitions  and  those  measured  provides  further  evidence 
for  a  K-mixing  level  in  lying  no  more  than  about  300  keV  above  the  isomer. 

The  presence  of  such  a  K-mixing  level  could  in  principle  be  identified  in  a  (7,7’)  reaction 
study  similar  to  those  conducted  previously  [2,3,6],  but  might  be  most  easily  detected  in  the 
proposed  experiment  shown  schematically  in  Fig.  4a.  A  beam  of  protons  of  energy  Eq  would 
be  incident  on  nuclei  in  a  sample  located  within  a  4-7r  granular  detector  array,  or  "7 

ball."  This  arrangement  would  provide  for  inelastic  scattering  of  protons  in  (p,p’7)  reactions 
where  the  7  refers  to  photons  emitted  in  the  decay  of  the  excited  nucleus.  Many  scattering 
events  would  merely  excite  low-lying  members  of  the  ground-state  or  isomeric  rotational  bands 
with  a  low  multiplicity,  n  of  accompanying  7-rays.  However,  the  excitation  of  a  K-mixing  state 
from  the  isomer  would  result  in  a  transfer  of  the  isomer  to  the  yrast  band  with  an  accompanying 
large  multiplicity  (n  ^  4)  of  emitted  photons.  Thus  the  important  aspect  in  the  observation  of 
a  K-mixing  level  would  be  the  measurement  of  the  spectrum  of  inelastically  scattered  protons 
in  coincidence  with  a  high  multiplicity  of  photons  detected  by  the  7  ball.  By  selecting  only 
events  satisfying  this  criterion  it  would  be  possible  to  confirm  the  existence  of  the  K-mixing 
level  in  an  excitation  function  like  that  depicted  in  Fig.  4b.  The  location  of  the  mediating  level 
would  be  clearly  marked  by  a  threshold  at  an  energy  Ej  =  Eq  -  Ek. 
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This  letter  makes  no  attempt  to  estimate  the  probability  for  the  actual  existence  of  a  K- 
mixing  state.  However,  systematics  strongly  suggest  that  such  a  level  may  exist  in  and 

at  a  sufficiently  low  excitation  energy  to  be  of  great  importance  to  proposals  for  the  use  of  this 
isomer  in  superelastic  particle-beam  studies,  gamma-ray  upconversion  and  the  nuclear  analog 
to  the  ruby  laser.  At  this  point  further  study  is  needed  for  a  definitive 

resolution. 
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TABLE  I 


Summary  of  relevant  adopted  properties  [1]  for  three-,  four-,  and  five-quasiparticle  Hf  isomers 
having  excitation  energies  between  2-4  MeV  and  lifetimes  longer  than  1  /xs.  Parentheses 
indicate  suggested  values. 


Isomer 

■1 

Number  of 
quasiparticles  [1,9] 

Excitation 
Energy  [MeV] 

Halflife 

174jjfm 

(14+) 

4 

3.312 

3.7  ^s 

175jjfta 

(%) 

5 

3.016 

1.21  /iS 

176jj^pii3 

(14-) 

4 

2.866 

401  ixs 

177jjpi2 

5 

2.740 

51.4  min 

178jj|m2 

16+ 

4 

2.446 

31  yr 

CAPTIONS 


Figure  1:  Summary  of  systematic  studies  [5,6]  of  the  excitation  and  deexcitation  of  quasiparticle 
isomers  in  (7,7’)  reactions.  Measured  integrated  cross  sections  are  plotted  by  the  left-hand  axis 
and  the  excitation  energies  for  possible  K-mixing  levels  are  plotted  by  the  right-hand  axis.  The 
X  symbols  indicate  mediating  states  excited  from  the  ground  state  or  isomer  with  bremsstrahlung 
and  the  +  represents  the  level  through  which  spontaneous  decay  of  occurs  [4].  Values 
of  integrated  cross  section  peak  mid-shell  in  the  mass  island  below  p  =  82. 

Figure  2:  Expanded  view  of  the  data  of  Fig.  1  for  the  mass  island  below  p  =  82.  Also 
indicated  by  the  circles  are  the  excitation  energies  of  four-  and  five-quasiparticle  Hf  isomers 
lying  between  2  -  3  MeV  and  having  halflives  longer  than  1  fxs.  The  interval  AEk  shows  the 
range  of  energy  within  which  all  possible  K-mixing  levels  are  expected  to  lie. 

Figure  3:  Plot  of  halflife  as  a  function  of  excitation  energy  for  the  four-  and  five-quasiparticle 
Hf  isomers  of  Fig.  2.  The  interval  AEr  is  shown  within  which  all  K-mixing  levels  are  expected 
to  lie  based  on  previous  measurements.  The  curves  represent  halflives  calculated  based  on  the 
assumption  of  the  availability  of  dipole  transitions  for  the  deexcitation  of  the  isomers  for 
different  choices  for  the  energy  of  the  mediating  state  and  further  bound  the  possible  positions 
of  such  a  level. 

Figure  4:  a)  Schematic  depicting  a  proposed  experiment  to  confirm  the  existence  of  a  K-mixing 
state  in  Protons  of  energy  Eq  would  be  incident  on  a  sample  containing  placed 

within  a  4-7r  granular  "7  ball"  detector.  The  energy  of  protons  scattered  in  (p,p’7)  reactions 
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would  be  measured  by  the  external  detector  while  the  7  ball  would  record  photons  resulting  from 
decay  of  the  nucleus,  b)  Excitation  function  expected  from  a  K-mixing  level  by  detecting 
scattered  protons  in  coincidence  with  a  high  multiplicity  of  7  rays.  The  threshold  at  Et  =  Eo  - 
Ek  locates  the  excitation  energy  of  the  mediating  level. 
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We  determne  the  intensity  of  the  nuclear  multiphoton  sidebands  to  the  forbidden  components  of  the 
14.4-keV  Mossbauer  transition  in  ”Fe,  generated  by  the  application  of  radio-frequency  magnetic  fields  to 
ferromagnetic  samples,  in  the  presence  of  static  magnetic  fields.  Further  we  determine  the  intensity  of 
the  second-order  sidebands  to  the  14.4-keV  transition  in  the  case  known  as  the  radio-frequency  collapse, 
when  the  entire  hyperfine  magnetic  field  acting  on  the  ”Fe  nuclei  follows  the  oscillations  of  the  applied 
radio-frequency  field.  Then  we  discuss  a  number  of  characteristic  asymmetries  due  to  quantum  interfer- 
cnce,  appearing  in  the  mnltiphoton  radio-frequency  sideband  spectra. 


1.  INTRODUCnON 

We  consider  in  this  work  a  class  of  nuclear  multipho¬ 
ton  processes  involving  the  simultaneous  interaction  with 
a  nucleus  of  a  7-ray  photon  and  of  radio-frequency  pho¬ 
tons  from  an  applied  oscillatory  magnetic  field,  the  inter¬ 
mediate  states  being  the  magnetic  sublevels  of  the  nuclear 
states.  The  ratio  of  the  intensity  of  a  two-photon  transi¬ 
tion  to  the  intensity  of  the  single  7-ray  transition  between 
the  same  nuclear  states  is  of  the  order  of  the  square  of  the 
ratio  of  the  interaction  energy  of  the  radio-frequency 
magnetic  field  with  the  nucleus  and  the  frequency  of  this 
field. 

The  first  experimental  demonstration  of  a  nuclear  tran¬ 
sition  involving  simultaneously  a  7-ray  photon  and  a 
radio-frequency  photon  is  due  to  West  and  Matthias  in 
1978,*  for  the  6.2-keV  state  of  ***Ta  under  an  applied 
radio-frequency  magnetic  field  of  23  mT  having  a  fre¬ 
quency  of  0.94  MHz.  A  similar  nuclear  two-photon  pro¬ 
cess  was  demonstrated  in  1988  by  Ikonen  et  for  the 
93-keV  state  of  ^^Zn  under  an  applied  radio-frequency 
magnetic  field  of  13.4  mT  at  the  frequencies  3.1  and  9.3 
kHz. 

When  we  consider  the  possibility  to  observe  such 
simultaneous  7  radio-frequency  transitions  in  ^^Fe,  we 
have  to  take  into  consideration  the  fact  that  the  half-life 
of  the  14.4-keV  transition  in  ^^Fe  is  98  ns,  compared  to  a 
6.8-/XS  half-life  for  the  6.2-keV  transition  in  ***Ta  and  a 
9.2-/ZS  half-life  for  the  93-keV  transition  in  ^^Zn.  More¬ 
over,  the  spins  and  nuclear  magnetic  moments  of  the 
ground  and  excited  states  are,  respectively,  0.090fi„ 

y,  —0. 155/x„  for  ^^Fe,  compared  to  y,  231  and  y, 
5.3/x„  for  *«*Ta  and  j,  0.87/i„  and  j,  0.58/x„  for  ^^Zn, 
where  =5.05  X 10”^^  J/T.  l^us  the  energy  of  interac¬ 
tion  of  an  applied  radio-frequency  field  with  a  ^^Fe  nu¬ 
cleus  is  considerably  smaller  than  the  coupling  of  the 
same  field  to  ***Ta  or  ^^Zh  nuclei.  Therefore  a  two- 
photon  experiment  for  ^^Fe,  without  any  enhancement 
mechanism,  would  require  applied  magnetic  fields  with 
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an  amplitude  of  the  order  of  0. 1  T  at  a  frequency  of  a  few 
MHz,  which  is  difiScult  to  produce. 

However,  if  a  ^^Fe  nucleus  is  in  a  ferromagnetic  envi¬ 
ronment,  the  direction  of  the  hyperfine  magnetic  field 
acting  on  the  nucleus  is  determined  by  the  direction  of 
the  magnetization  in  the  sample,  and  the  orientation  of 
the  bulk  magnetization  can  be  controlled  with  the  aid  of 
applied  static  and  radio-frequency  magnetic  fields.  This 
approach  has  been  used  by  Heiman,  Walker,  and 
Pfeiffer^*®  who  observed  the  spectrum  of  the  7  rays  scat¬ 
tered  by  finely  powdered  metallic  iron  under  the  action  of 
an  oscillatory  magnetic  field  whose  frequency  of  26  MHz 
was  equal  to  the  hyperfine  splitting  of  the  upper  14.4-keV 
state  of  ^'Fe.  The  incident  7  rays  were  themselves  reso¬ 
nant  to  one  of  the  allowed  transitions  between  the  mag¬ 
netic  nuclear  sublevels,  and  the  arrangement  has  been  re¬ 
ferred  to  by  the  authors  as  an  excited-state  nuclear- 
magnetic-resonance  experiment.  As  a  result  of  the  appli¬ 
cation  of  the  radio-frequency  magnetic  field  to  the  iron- 
powder  scatterer,  lines  appeared  in  the  spectrum  of  the 
scattered  7  radiation  at  the  position  of  the  other  known 
transitions  of  ^^Fe. 

On  the  theoretical  side,  the  efiects  of  circularly  polar¬ 
ized  radio-frequency  magnetic  fields  on  the  Mossbauer 
spectra  of  ^^Fe  have  been  analyzed  by  Gabriel.'^ 

Initially,  Heiman,  Walker,  and  PfeiflTer  tried  to  use  a 
metalhc  iron  foil  for  the  scatterer,*  but  they  found  that 
the  application  of  the  radio-frequency  magnetic  field  pro¬ 
duced  in  this  case  additional  lines  at  positions  which  did 
not  correspond  to  any  known  transition  in  ^^Fe.  They 
have  suggested^  that  the  observed  sidebands,  occurring  in 
a  foil  but  with  negligible  intensity  in  a  powder,  result 
from  the  acoustic  vibrations  generated  in  the  foil  by  the 
applied  radio-frequency  magnetic  field.  Similar  observa¬ 
tions  have  been  reported  by  Asti,  Albanese,  and  Buc- 
ci.**^*** 

The  fact  that  the  hyperfine  magnetic  field  acting  on  a 
Fe  nucleus  in  a  ferromagnetic  environment  can  be  made 
to  oscillate  between  opposing  directions  by  the  applica¬ 
tion  of  radio-frequency  fields  has  been  demonstrated  by 
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the  radio-frequency  collapse  effect  discovered  by  Pfeiffer 
in  1971.^^’^^  He  found  that,  as  a  result  of  the  application 
of  an  oscillatory  magnetic  field  with  an  amplitude  of  1.5 
mT  and  frequencies  of  39,  61,  and  106  MHz  to  a  6-/xm- 
thick  Permalloy  foil,  the  six -line  hyperfine  patter  of  ^^Fe 
disappeared  and  has  been  replaced  by  a  single  central 
line,  accompanied  by  a  number  of  sidebands  displaced  on 
a  frequency  scale  by  multiples  of  the  applied  frequency. 

Pfeiffer  attributed  the  presence  of  the  sidebands  in  his 
collapse  experiments  entirely  to  the  acoustic  vibrations 
generated  in  the  Permalloy  foil  by  the  radio-frequency 
field.  However,  Olariu,  Popescu,  and  Collins^^  pointed 
out  that  the  oscillation  through  large  angles  of  the 
hyperfine  magnetic  field  acting  on  the  ^^Fe  nuclei,  pro¬ 
duced  by  the  application  of  the  radio-frequency  field  to 
the  Permalloy  sample,  results  necessarily  in  the  genera¬ 
tion  of  nuclear  multiphoton  sidebands  whose  transition 
intensities  are  comparable  to  those  observed  by  Pfeiffer. 
The  fact  that  the  entire  hyperfine  magnetic  field  can  be 
made  to  follow  the  direction  of  the  applied  radio¬ 
frequency  field  and  the  reduced  amplitude  of  the  mechan¬ 
ical  vibrations  in  the  Permalloy  sample,  due  to  the  small 
magnetostrictive  constant  of  Permalloy,  show  that  it  is 
possible  to  observe  nuclear  multiphoton  transitions  for 
^^Fe  nuclei  in  a  ferromagnetic  environment. 

The  radio-frequency  collapse  effect  has  been  further  in¬ 
vestigated  by  Kopcewicz  et  al.  in  ferromagnetic  amor¬ 
phous  metals,^^’^^  in  FeB03,*^  and  in  Fe-Ni  alloys,**  with 
the  conclusion  that  for  sufficiently  intense  radio¬ 
frequency  fields,  of  the  order  of  1.5  mT,  the  hyperfine 
magnetic  field  acting  on  the  ^^Fe  nuclei  follows  the  direc¬ 
tion  of  the  applied  field.  The  sidebands  observed  in  these 
experiments  have  been  in  general  attributed  to  acoustic 
modulation. 

As  a  corollary  of  their  studies  on  the  magnetic  modula¬ 
tion  of  the  phase  of  ^^Zn  nuclei,  Ikonen  et  a/. have 
reiterated  the  previous  prediction*^  that  if  the  hyperfine 
field  acting  on  a  ^^Fe  nucleus  can  be  switched  between 
two  opposite  directions  at  a  rate  determined  by  the  fre¬ 
quency  of  the  applied  radio-frequency  field,  this  will  gen¬ 
erate  sidebands  without  any  mechanical  motion. 

The  intensities  of  the  nuclear  multiphoton  sidebands 
for  the  six  allowed  transitions  of  ^^Fe  have  been  calculat¬ 
ed  by  Olariu*’  for  ^^Fe  nuclei  embedded  in  thin  ferromag¬ 
netic  films  under  static  and  radio-frequency  magnetic 
fields.  He  remarked  that  the  use  of  a  thin  ferromagnetic 
film  having  a  thickness  of  a  few  thousand  angstroms,  in¬ 
stead  of  a  foil,  is  likely  to  minimize  the  mechanical  vibra¬ 
tions  and,  moreover,  would  allow  the  determination  with 
reasonable  accuracy  of  the  time  evolution  of  the  magneti¬ 
zation  of  the  sample. 

The  role  played  by  spin  waves  in  the  generation  of  the 
radio-frequency  sidebands  has  been  emphasized  by  Sinor, 
Reittinger,  and  Collins,^®  who  showed  that  it  is  possible 
to  produce  a  modulation  of  the  phase  of  ^^Fe  nuclei  in 
paramagnetic  media  by  transporting  spin  waves  of  large 
amplitude  from  ferromagnetic  sources. 

The  resonance  line  splitting  of  hyperfine  lines  of  ^^Fe 
nuclei  in  radio-frequency  magnetic  fields,  caused  by  Rabi 
oscillations  and  predicted  in  a  number  of  papers,^’ *’*^* 
has  been  recently  observed  by  Vagizov^^  and  indepen¬ 


dently  by  Tittonen  et  Special  precautions  have  been 
taken  in  these  works  to  minimize  the  mechanical  vibra¬ 
tions. 

It  is  apparent  from  this  survey  of  previous  works  on 
radio-frequency  sidebands  that,  while  the  ferromagnetic 
foil  samples  can  provide  the  required  large  radio¬ 
frequency  fields  in  the  form  of  oscillatory  hyperfine  mag¬ 
netic  fields,  the  observation  of  the  nuclear  multiphoton 
processes  is  often  hindered  by  the  ease  with  which 
mechanical  vibrations  can  be  induced  in  ferromagnetic 
samples  through  magnetostriction,  especially  at  lower 
frequencies.  The  importance  of  nuclear  multiphoton  pro¬ 
cesses  becomes  apparent  when  we  refer  to  recent  develop¬ 
ments  in  atomic  multiphoton  processes,  where  problems 
such  as  inversionless  amplification^^’ or  electromagneti- 
cally  induced  transparency^^*  are  under  active  con¬ 
sideration. 

The  purpose  of  this  work  is  to  bring  into  evidence  a 
number  of  characteristic  properties  of  nuclear  multipho¬ 
ton  processes  involving  y-ray  and  radio-frequency  pho¬ 
tons.  Thus,  in  Sec.  II,  we  determine  the  intensity  of  the 
nuclear  multiphoton  sidebands  to  the  forbidden  com¬ 
ponents  of  the  14.4-keV  transition  of  ^^Fe,  generated  by 
the  application  of  radio-frequency  magnetic  fields  to  fer¬ 
romagnetic  samples  in  the  presence  of  a  static  field.  In 
Sec.  Ill  we  determine  the  intensity  of  the  second-order 
sidebands  to  the  14.4-keV  transition  of  ^^Fe  in  the  case  of 
the  radio-frequency  collapse  when  the  entire  hyperfine 
magnetic  field  follows  the  oscillations  of  the  applied 
radio-frequency  field.  In  Sec,  IV  we  discuss  a  number  of 
characteristic  asymmetries,  due  to  quantum  interference, 
appearing  in  the  multiphoton  radio-frequency  sideband 
spectra. 

II.  INTENSITY  OF  THE  FIRST-ORDER 
SIDEBANDS  TO  THE  FORBIDDEN  1 

and  e,  I  TRANSITIONS  IN  ”Fe 

The  intensities  of  the  first-order  sidebands  to  the  six  al¬ 
lowed  transitions  between  the  14.4-keV  excited  state  e 
and  the  ground  state  g  of  ^Fe  nuclei  have  been  deter¬ 
mined  in  Ref.  19  as  a  function  of  the  direction  and  polar¬ 
ization  of  the  Y  rays  for  a  linear  and  a  circular  polariza¬ 
tion  of  the  applied  radio-frequency  magnetic  field.  The 
transitions  e,y— ►g,  — |  and  are  forbidden  as 

single  y-ray  processes,  but  these  forbidden  transitions 
have  in  general  nonvanishing  multiphoton  sidebands,  the 
intensity  of  which  we  shall  calculate  in  this  section. 

The  intensity  of  the  sidebands  to  the  forbidden 
hyperfine  transition  of  ^^Fe  has  been  reported  previous¬ 
ly^’  in  the  particular  case  of  a  linearly  polarized  radio¬ 
frequency  magnetic  field  Rq  for  a  direction  of  propa¬ 
gation  of  the  y  rays  which  was  perpendicular  to  the  static 
and  radio-frequency  magnetic  fields.  In  the  previous  pa¬ 
per,^’  it  was  also  pointed  out  that  sidebands  to  the  forbid¬ 
den  hyperfine  transition  of  ^  can  be  identified  in  the 
Mossbauer  spectra  of  ^^Fe  nuclei  in  Permalloy  recently 
reported  by  Tittonen  et  aL^  The  presence  of  the  side¬ 
bands  to  the  forbidden  hyperfine  transitions  of  ^^Fe  con¬ 
stitutes  an  unequivocal  proof  that  nuclear  multiphoton 
processes  are  indeed  taking  place  in  ^^Fe  nuclei  subject  to 
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radio-frequency  magnetic  fields, 

jy  2,7.14.19,30 


as  predicted  repeated- 


We  shall  determine  the  probability  for  the  transition 
“"y  in  a  ^^Fe  nucleus  by  the  emissipn  of  a  linear¬ 
ly  polarized  y-ray  quantum,  the  orientation  of  the  mag¬ 
netic  y-ray  field  and  of  the  wave  vector  being 
shown  in  Fig.  1,  under  the  action  of  a  static  hyperfine 
magnetic  field  Bq,  oriented  along  the  z  axis,  and  of  a 
radio-frequency  magnetic  field  having  the  x  component 
-^rf,jcC0s{6Jrf/)  and  the  y  component  B^yCOs{6)^-{-a^), 
The  positive  direction  of  the  z  axis  is  chosen  to  coincide 
with  the  direction  of  the  static  hyperfine  magnetic  field 
effectively  acting  on  the  ^^Fe  nuclei,  so  that  the  magnetic 
sublevels,  in  order  of  increasing  energy,  are  g,y;  g,— 1; 
e,  —I;  e,  — e,|;  and  e,|. 

It  can  be  shown  that  the  transition  amplitudes  are 
solutions  of  the  Hamiltonian  equations 


z 


FIG,  I.  Orientation  of  the  magnetic  field  and  of  the  wave 
vector  ky  of  a  quantum  of  y  radiation  emitted  by  a  ^^Fe  nu¬ 
cleus. 
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In  Eqs.  (2)  and  (4),  represent  the  separations, 

on  a  frequency  scale,  of  the  magnetic  sublevels  of  the  ex¬ 
cited  state  e  and,  respectively,  of  the  ground  state  g  due 
to  the  static  hyperfine  Jq  and  r=l/r,  where  the  mean 
life  is  T=  1.4X  10“’^  s  for  the  14.4.keV  level  of  ^^Fe. 

Md  Eg  are  the  energies  of  the  excited  and  ground  stat^ 
in  the  absence  of  any  applied  magnetic  field. 


Equation  (1)  can  be  solved  by  a  perturbation  series,  and 
the  second-order  contribution,  which  gives  the  ampli¬ 
tudes  of  the  first-order  sidebands  to  the  y-ray  transitions, 
is 
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Substituting  in  Eq.  (6)  the  expression  of  the  appropriate 
matrix  elements  from  Eqs.  (2)~(5)  and  neglecting  non¬ 
resonant  terms,  we  obtain  an  expression  for  the  intensity 
of  the  first-order  sidebands  for  a  linear  polarization  of  the 
radio-frequency  field,  when  =0,  which  is  given  by 

- (sin^i;+cos^gcos^tr) 


2 

0)g 

^0 

±6)rf+6). 

1_  6 

±<0^-(Og 

_E,-Eg  ^  36),  CO, 

■», - 

where  the  alternate  signs  should  be  read  along  the  upper 
or  lower  line. 

If  the  radio-frequency  field  has  a  right  circular  polar¬ 
ization,  so  that  “^rf  the  in¬ 

tensity  of  the  sidebands,  obtained  from  Eq,  (6),  is 

|<g,-l|e,p!P>P=0  ,  (8a) 


_E,-Eg  36),  6), 


I  <  g,  —  L I  e,  I )  15^  ^  1  ^  ( sin^u + cos^0  cos^u 


2 

^0  . 

6)rf-6), 

E^—Eg  3(0  g  (Og 


If  the  radio-frequency  field  has  a  left  circular  polariza¬ 
tion,  so  that  B^^  y  and  ay^=7r/2,  the  intensity 
of  the  sidebands,  obtained  from  Eq.  (6),  is 

,  , 

= - v  "  ■>  { sin  u + cos  0  cos  u ) 


6)rf+6),  Orf-6) 


E  —Eg  36),  6), 


_E,-Eg  ^  36),  (Og  _ 

a  2  2 

It  can  be  shown  that  the  intensities  of  the  first-order 


sidebands  to  the  forbidden  transition  are 

connected  to  the  previous  intensities  by  the  relations 

K^,Tk,-|)+’|^=l(g,-y|e,pl?’p  ,  (lOa) 

l<^.ik.-T)-’l^=l<8>~Tl^>T^+’l^  .  (10b) 

for  all  polarizations  of  the  applied  radio-frequency  field, 
where  the  superscript  (2)  refers  to  the  second-order  con¬ 
tribution  in  the  perturbation  series. 

As  was  the  case  with  the  sidebands  of  the  allowed  tran¬ 
sitions,^^  the  intensity  of  the  sidebands  toward  higher  fre¬ 
quencies  of  a  parent  line  is  in  general  different  from  the 
intensity  of  the  sideband  toward  lower  frequencies  of  the 
same  parent  line.  This  asymmetry  becomes  particularly 
striking  in  the  case  of  a  circular  polarization  of  the 
radio-frequency  field,  when  not  only  the  parent  forbidden 
line  has  a  zero  intensity,  but  the  intensity  of  one  of  the 
sidebands  is  also  equal  to  zero. 

By  combining  the  results  of  Ref.  19  and  the  present 
work,  we  obtained  the  intensities  of  the  sidebands  toward 
higher  frequencies,  labeled  by  the  subscript  +,  which  are 
shown  in  Fig,  2  for  linear,  right  circular,  and  left  circular 


1.63  2.63  3.63  4.37  5.37  6.37 


FIG.  2.  Intensities  of  the  sidebands  toward  higher  frequen¬ 
cies  for  the  y-ray  emission  spectrum  of  ^’Fe  nuclei  under  a  stat¬ 
ic  magnetic  field  Bj  of  an  oscillatory  magnetic  field  of  fre¬ 
quency  =4,  averaged  over  the  polarization  of  the  y  rays 

for  different  configurations  of  the  radio-frequency  fields,  (a)  The 
radio-frequency  field  is  linearly  polarized,  /Bq  = -jy,  and 
the  direction  of  observation  is  perpendicular  to  the  plane  of  the 
applied  field,  0=ir/2,  ^=tr/2.  (b)  The  radio-frequency  field 
has  a  right  circular  polarization,  arf=— ir/2  and  Brf/Bo  =  l. 
The  spectrum  is  observed  along  the  direction  of  the  static  field, 
0=0.  (c)  The  radio-frequency  field  has  a  left  circular  polariza¬ 
tion,  arf='n*/2  and  B^/Bq  =  1,  The  spectrum  is  observed  along 
the  direction  of  the  static  field,  0=0. 


quaktum-interference  asymmetries  in  the  . . . 


polarizations  of  the  radio-frequency  magnetic  field.  The 
intensity  of  the  unperturbed  transition  aver¬ 

aged  over  the  polarization  of  the  y  rays  and  observed  at 
the  angle  6  ir/2,  was  chosen  as  unity.  The  remarkable 
aspect  of  the  pattern  in  Fig.  2  is  the  appearance  of  the 
supplementary  lines  which  are  the  sidebands  of  the  for¬ 
bidden  parent  transitions.  The  appearance  of  these  fines 
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in  a  spectrum  is  characteristic  of  the  multiphoton  genera¬ 
tion  of  the  radio-frequency  sidebands. 

If  the  ”Fe  nucleus  is  under  the  action  of  a  circularly 
polarized  magnetic  field  but  the  static  field  fig  is  equal  to 
zero,  the  intensity  of  the  first-order  sidebands,  at 
—Eg  can  be  shown  to  be 


2^^r^ 


J.Uco^ 


2 

[sin^6cosM7-f-4/  +/^)+(sin^i/-l-cos^0cos^t/)(4-b3/-l-/^)]  , 


(11) 


where 


The  nonvanishing  matrix  elements  for  the  present 
problem  are 


/ 


_  f*g 


>0 


The  ratio  of  the  intensity  of  the  first-order  sideband  to 
the  parent  fine,  at  the  angle  of  observation  6=0,  is  then, 
for  a  circular  polarization  of  the  radio-frequency  field, 

12 


(4+3/ -1-/2)  . 


(12) 


The  results  in  Eqs.  (11)  and  (12)  differ  from  the  corre¬ 
sponding  expressions  [Eqs.  (32)  and  (33)]  of  Ref.  19  by 
the  contribution  of  the  sidebands  to  the  forbidden  fines, 
evaluated  in  this  section. 


^*.I/2;*.-l/2(0=-^T*(r), 

U,  v/3 

Pe,-in-..,-xdt)= - ^T(/)  , 

P^-\n;e,\dt)=-^Y(t)  , 

where  T(r)  is  the  function  defined  in  Eq.  (3),  and 


(14a) 

(14b) 

(14c) 

(14d) 


m.  INTENSITY  OF  THE  second-order  ^ 

SIDEBANDS  IN  THE  CASE  _3^(r)= ^i*^-iv^u^^-c^+ir/2u 

OF  RADIO-FREQUENCY  COLLAPSE  FOR  ”Fe  ■  -  4 


While  the  second-order  perturbation  calculations  are 
in  general  sufiicient  to  describe  the  generation  of  radio¬ 
frequency  sidebands  at  frequencies  of  the  order  of  100 
MHz  or  higher,  the  third-order  contribution  to  the  per¬ 
turbation  series  is  needed  to  describe  the  second-order 
sidebands  which  become  observable  at  lower  frequencies. 
In  this  section  we  shall  determine  the  intensity  of  the 
second-order  sidebands  for  the  case  of  the  radio¬ 
frequency  collapse,  when  the  hyperfine  magnetic  field  act¬ 
ing  on  the  nuclei  follows  the  oscillations  of  the  ap¬ 
plied  radio-frequency  field,  so  that  the  static  hyperfine 
field  is  fig  =0. 

The  third-order  contribution  to  the  transition  ampli¬ 
tude  is  given  by 

(13) 

We  shall  assume,  as  in  the  previous  section,  that  the  ap¬ 
plied  radio-frequency  field  is  in  the  x,y  plane  and  shall 
evaluate  the  right-hand  side  of  Eq.  (13)  for  y  rays  emitted 
perpendicularly  to  the  x,y  plane,  so  that  we  shall  consider 
that  0=0,  ^=0. 


4-iv  i(<y  ~fijQ4-iT/2)/ 

4  '  * 

-  jn  Ha  -OQ+ir/lU 

"  AlSy,e  ^  ' 

4  ' 


(I5a) 

(15b) 


•^f,-I/2:e.3/2(^)' 


V6 


(15c) 


(15d) 


where  o}Q=(Ef  —Eg  )/fi.  Since  according  to  Eqs.  (14)  and 
(15)  the  matrix  elements  are  nonvanishing  only  for 
Am=±l,  there  is  a  nonvanishing  third-order  contribu¬ 
tion  to  the  amplitude  for  the  14.4-keV  transition 

only  when  |m  — m(j|  =  1,  so  that  the  transitions  to  be  con¬ 
sider^  are  j;  c,— and 

Ffotn  the  symmetry  of  the  matrix  ele¬ 
ments  in  Eqs.  (14)  and  (15),  it  results  that  it  is  sufficient  to 
^aluate  h^V/2:«.3/2  “d  ^g.-in;t.i/2  at  a  =o)o±2io^. 
There  are  four  channels  contributing  to  hj, 1/2;*, 3/21  and 
there  are  six  channels  contributing  to  b^gfLi/2;t.i/2-  Thus 
we  obtain,  for  the  intensity  of  the  second-order  side¬ 
bands,  at  6)y=6)Q±2a)rf,  averaged  over  the  polarization  v 
of  the  Y  rays, 
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[B,Bf52B2*(19  +  30/+20/^+6/2+/‘‘)+2[(BiBp2+(BjB|)2](3  +  3/+/Z)]  , 


(16) 


where 


(17a) 

(17b) 

For  a  linear  polarization  of  the  radio-frequency  field, 
when  B^y—Q,  the  ratio  of  the  second-order  sideband, 
averaged  over  y-ray  polarization,  to  the  unperturbed 
parent  intensity  is,  for  (Oy=aQ±2co^, 


R 


U)  — 
2 


1 

1024 


(3l+42f+24f^+6f^+f*)  , 


(18) 


where  /=  expression  is  equivalent  to 

the  result  reported  previously  in  (17)  of  Ref.  14. 

If  the  radio-frequency  field  acting  on  the  nucleus  can 
be  described  as  a  superposition  of  two  independent  or¬ 
thogonal  modes,  so  that  and  the  relative 

phase  is  at  random,  then  the  ratio  of  the  intensity  of 
the  second-order  sideband,  averaged  over  y-ray  polariza¬ 
tion,  to  the  parent  intensity,  is 

14 


(31+42/-f24/^-f6/^+/^)  . 


(19) 


If  the  radio-frequency  field  is  circularly  polarized,  so 
that  B^^  ~^Tf,y  +-®rf  l“rfl  =^/2,  the  ratio  of  the  in¬ 
tensity  of  the  second-order  sideband,  averaged  over  the 
polarization  of  the  y  rays,  to  the  unperturbed  parent  in¬ 
tensity,  is 


(3  +  3/+/2)  . 


(20) 


If  as  a  result  of  the  application  of  an  oscillatory  mag¬ 
netic  field  of  frequency  the  hyperfine  field  assumes  al¬ 
ternatively  two  opposite  values  ±5„  the  Fourier  com¬ 
ponent  of  this  hyperfine  field  at  the  frequency  will 
have  the  enhanced  amplitude.! 4 /ir)B,.  The  amplitude  of 
the  component  of  the  aforementioned  hyperfine  field  at 
the  frequency  Ico^  is  equal  to  zero,  but  the  amplitude  of 
the  component  at  the  frequency  3^)^  will  be  AB^  /i'tr  and 
can  produce,  at  low  frequencies,  a  sizable  sideband. 
These  considerations  lose  their  applicability  if  the  pas¬ 
sages  between  the  opposing  values  of  the  hyperfine  field 
are  rounded  off. 

Combining  the  results  of  Ref.  14  and  the  results  of  the 
present  work,  we  have  represented  in  Fig.  3  the  emission 
y-ray  spectrum  with  sidebands  in  the  case  of  radio¬ 
frequency  collapse  for  ^^Fe  nuclei  in  a  Permalloy  sample 
for  a  linear  polarization  of  the  applied  oscillatory  mag¬ 
netic  field  at  several  frequencies,  assuming  that  the  ampli¬ 
tude  of  the  oscillating  hyperfine  field  is  equal  to  its  static 


value.  Moreover,  in  Fig.  4  we  have  represented  the  emis¬ 
sion  y-ray  spectrum  with  sidebands  at  a  fixed  frequency 
for  several  configurations  of  the  applied  radio-frequency 
field.  The  intensities  in  parts  (a)  and  (b)  of  Fig.  4  are  cal¬ 
culated  according  to  the  Bessel-function  formula  of  Ref. 
14,  and  the  intensities  in  part  (c)  and  (d)  are  calculated  ac¬ 
cording  to  the  perturbation  expressions  of  Ref.  14  and 
the  present  work.  It  is  apparent  from  Figs,  3  and  4  that  if 
the  hyperfine  field  follows  the  applied  radio  frequency,  as 
it  is  supposed  to  be  the  case  for  the  radio-frequency  col¬ 
lapse  spectra,  the  generation  of  nuclear  multiphoton  side- 


bands  can  be  very  intense. 
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FIG.  3.  y-ray  emission  spectrum  with  sidebands  in  the  case 
of  radio-frequency  collapse  for  ^Fe  nuclei  in  a  Permalloy  sam¬ 
ple  for  a  linear  polarization  of  the  applied  magnetic  field  for 
several  frequencies  of  the  oscillatory  field.  It  is  assumed 
that  the  amplitude  of  the  oscillating  hyperfine  field  is  equal 
to  the  static  hyperfine  field.  The  direction  of  observation 
is  perpendicular  to  a  plane  containing  the  oscillatory  field. 
These  intensities  are  given  by 

+  |/^[(6),+it)^)/2a)ff]+~/^[(6),  +  3(yJ/2^rf]>  where/^  is  the 
Bessel  function  of  order  N. 
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FIG.  4.  y-ray  emission  spectrum  with  sidebands  in  the  case 
of  radio-frequency  collapse  for  ®’Fe  nuclei  in  a  Permalloy  sam¬ 
ple  for  different  configurations  of  the  applied  radio-frequency 
field  at  the  frequency  0^=61  MHz.  (a)  The  hyperfine  oscillato¬ 
ry  field  is  polarized  linearly,  and  its  amplitude  is  equal  to  the 
static  hyperfine  field  B,.  (b)  The  hyperfine  field  is  polarized 
linearly,  and  its  amplitude  is  45,  /it.  (c)  The  hyperfine  field  is  a 
superposition  of  two  orthogonal  components  of  amplitude  5,, 
uncorrelated  in  phase,  (d)  The  hyperfine  field  is  polarized  circu¬ 
larly,  and  the  rotating  amplitude  is  equal  to  B,.  In  all  casesi  the 
direction  of  observation  is  perpendicular  to  a  plane  containing 
the  oscillatory  field. 


IV.  QUANTUM  INTERFERENCE  EFFECTS 
IN  THE  RADIO-FREQUENCY 
MULTIPHOTON  SPECTRA  OF  ”Fe 

While  the  intensity  of  the  acoustic  sidebands  of  a  given 
order  is  a  decreasing  function  of  frequency,  the  intensity 
of  the  multiphoton  sidebands  of  a  given  order,  in  the 
presence  of  static  magnetic  fields,  can  increase  in  certain 
frequency  ranges.  The  increase  with  frequency  of  the  in¬ 
tensity  of  the  multiphoton  transition  can  arise  from  the 
fact  that  some  of  the  transition  amplitudes  have  reso¬ 
nances  when  the  applied  frequency  becomes  equal  to  the 
separation  in  frequency  units  between  the  magnetic  sub- 
levels  of  the  ground  or  excited  states,  i.e.,  when  a  real  in¬ 
termediate  state  in  the  nucleus  coincides  with  the  posi¬ 
tion  of  the  virtual  multiphoton  level. 

This  pattern  is  encountered,  for  example,  in  the  first- 
order  sideband  toward  lower  frequencies  of  the  transition 
y  in  the  presence  of  a  static  magnetic  field  Bq  and 
of  a  linearly  polarized  radio-frequency  magnetic  field.  If 


the  emitted  y  rays  are  observed  along  a  direction  perpen¬ 
dicular  to  the  plane  of  the  applied  fields,  6=ir/2 
q>=ir/2,  then  the  ratio  of  the  first-order  sideband  intensi¬ 
ty  llji  to  the  intensity  of  the  unperturbed  parent  transi¬ 
tion  If,,  both  averaged  over  the  y-ray  polarization  be¬ 
comes*’ 
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The  resonances  of  the  relative  sideband  intensity  1 1^1  7/^, 
occurring  at  0)^=0)^  and  0^=Og,  are  shown  in  Fig.  5  for 
^“^Fe  nuclei  in  iron. 

Another  circumstance  which  can  lead  to  an  increase 
with  frequency  of  the  intensity  of  the  sidebands  is  the 
cancellation  for  certain  frequencies  of  the  partial  ampli¬ 
tudes  contributing  to  the  total  transition  amplitude.  This 
pattern  is  encountered,  for  example,  in  the  first-order 
sidebands  toward  lower  frequencies  of  the  transition 
«.y— ►g.y  in  the  presence  of  a  static  magnetic  field  Bq  and 
of  a  left  circularly  polarized  radio-frequency  field  of  ro¬ 
tating  amplitude  B^.  The  ratio  of  the  first-order  side¬ 
band  intensity  to  the  intensity  of  the  unperturbed 
transition  e,|— ►g,!  is*’ 
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for  all  y-ray  polarizations  and  directions  of  observation. 
The  zero  in  the  relative  sideband  intensity  /I^, 
occurring  at  a^=2(i}f(Og/{.'icOf-\-(Og),  can  be  seen  in  Fig. 
6  for  *^Fe  nuclei  in  an  iron  environment,  when  the  zero 
occurs  at  ^^=19. 1  MHz,  assuming  that  B^  is  small 
compared  to  Bq. 
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FIG.  5.  Relative  first-order  sideband  intensity  //»  for  a 
static  magnetic  field  B^  and  a  linearly  polarized  magnetic  field 
of  amplitude  5^  ,  for  ”Fe  nuclei  in  iron.  The  relative  intensity 
resonances  at  6}^=a,,  The  direction  of 

observation  is  perpendicular  to  the  plane  of  the  applied  field. 
The  y-ray  intensities  are  averaged  over  the  polarization. 
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FIG.  6.  Relative  first-order  sideband  intensity  for  a 

static  magnetic  field  Bo  and  a  left  circularly  polarized  radio¬ 
frequency  field  jBrf  for  ’^Fe  nuclei  in  iron.  The  relative  intensity 
has  a  zero  when  a)rf=2^<<y,/(3<u, -fe)*)  or  Wrf=19. 1 
MHz.  Rrf  is  assumed  to  be  small  compared  to  Bo- 
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FIG.  7.  Relative  first-order  sideband  intensities 
l<g,-jle,j)VM,  (soUd  line)  and  l<g,-i|e.|>'i->|V/,  (dot¬ 
ted  line)  for  a  static  magnetic  field  Bo  and  a  linearly  polarized 
radio-frequency  field  B^^  for  ”Fe  nuclei  in  iron.  The  intensi¬ 
ties  of  these  sidebands  are  equal  to  zero  for  =0. 


An  interesting  example  of  the  cancellation  of  ampli¬ 
tudes  is  encountered  for  the  first-order  sidebands  of  the 
forbidden  y-ray  transition  In  this  case  the 

cancellation  of  amplitudes  occurs  at  0)^=0,  so  that  the 
intensity  of  the  first-order  sidebands  at  <Urf=0  is,  accord¬ 
ing  to  Eqs.  (7)-(9),  equal  to  zero  for  all  polarizations  of 
the  applied  radio-frequency  field,  while  on  the  other 
hand  the  generation  of  acoustic  sidebands  is  supposed 
to  increase  in  intensity  at  lower  frequencies.  For 
example,  the  ratio  of  the  first-order  sideband  intensity 
*1^  to  the  intensity  of  the  unperturbed 
transition  in  the  presence  of  a  static  magnetic 

field  Bq  and  for  a  linear  polarization  of  the  ratio- 
frequency  field,  is,  according  to  Eq.  (7), 

/« 
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for  all  y-ray  polarization  and  directions  of  observation. 


The  intensity  of  these  sidebands  are  represented  in  Fig.  7 
for  *^Fe  nuclei  in  iron. 

V.  CONCLUSIONS 

In  this  paper  we  have  demonstrated  a  number  of  asym¬ 
metries  characteristic  of  the  nuclear  multiphoton  genera¬ 
tion  of  radio-frequency  sidebands  to  y-ray  transitions  in 
*’Fe  nuclei.  We  have  pointed  out  that  there  are  side¬ 
bands  of  observable  intensity  to  the  forbidden  14.4-keV 
y-ray  transitions  g,  -  j  and  and  have 

calculated  the  intensities  of  the  first-order  sidebands  for  a 
linear  and  a  circular  polarization  of  the  applied  radio- 
frequency  field.  Then  we  have  determined  the  intensity 
of  the  second-order  sidebands  in  the  case  of  the  radio¬ 
frequency  collapse  and  have  evaluated  the  sideband  in¬ 
tensities  for  a  number  of  configurations  of  the  applied 
magnetic  field.  Finally,  we  have  remarked  that,  unlike 
the  decreasing  patterns  of  the  intensity  of  the  acoustic 
sidebands,  the  intensity  of  the  nuclear  multiphoton  side¬ 
bands  can  increase  with  frequency  over  certain  frequency 
ranges,  this  being  a  consequence  of  the  resonances  extant 
in  the  multiphoton  transition  amplitudes  and  also  of  the 
cancellation  for  certain  frequencies  of  the  interfering  am¬ 
plitudes. 
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PROGRESS  IN  THE  PUMPING  OF  A  GAMMA-RAY  LASER 


C.  B.  Collins  and  J.  J.  Carroll 

The  University  of  Texas  at  Dallas,  Center  for  Quantum  Electronics 
P,  O.  Box  830688,  Richardson,  Texas  75083-0688 

A  gamma-ray  laser  would  provide  stimulated  emission  at  the  shortest  possible  wavelengths  (<  1  A)  from  transitions 
between  excited  nuclear  states.  Even  if  the  ou^ut  beam  was  poorly  collimated,  simply  the  ability  to  release  the  large  amounts  of 
energy  stored  in  nuclei  without  a  nuclear  reaction  could  have  important  consequences.  Nuclear  transitions  hold  unique 
advantages  that  promise  the  integration  of  pump  energy  over  ns  to  ps  times,  rather  than  ps  as  is  the  case  with  x-ray  lasers.  First 
suggest^  in  1961,  the  interdisciplinary  nature  of  the  problem  frustrated  early  efforts  and  by  1980  it  was  concluded  that  a 
gamma-ray  laser  was  impossible  using  the  traditional  approach.  Since  1982  research  has  been  revitalized  by  the  introduction  of 
new  ideas  which  may  m^e  such  a  device  possible.  Among  those,  the  concept  of  "optical**  pumping,  in  its  most  straightforward 
form  as  a  nuclear  aiialog  to  the  ruby  laser,  has  provided  the  most  sustained  and  positive  re^ts.  Now  experimentally  measured 
data  show  that  a  gaimna-ray  laser  is  feasible  if  some  isotope  has  its  properties  sufficiently  close  to  the  ideal.  Breakthroughs  in 
optical  pumping  of  nuclei  will  be  discussed  here  along  with  ^stematics  for  the  first-ranked  candidate.  With  this  material  it  may 
be  possible  to  realize  the  triggered  release  of  MeV/nucleus  as  induced  gamma  radiation,  and  perh^s  a  gamma-ray  laser. 

INTRODUCTION 

The  original  proposal  for  a  gamma-ray  laser  was  made  in  1%1  [1]  although  it  went  largely  unnoticed  at  the  time.  In  1963 
the  first  cycle  of  research  on  this  topic  developed  a  strong  momentum  as  a  result  of  independent  early  publications  from  the  US 
and  Russia.  In  that  cycle  attention  was  primarily  concentrated  on  suddenly  assembling  a  critical  density  of  prepumped  nuclei  to 
reach  the  threshold  for  stimulated  emission  and  on  pumping  in  situ  with  intense  particle  fluxes.  By  1980  it  was  generally 
accepted  that  such  "traditional"  2q)proaches  were  essentially  hopeless  and  an  encyclopedic  review  [2]  concluded  the  impossibility 
of  a  gamma-ray  laser  based  upon  all  techniques  for  pumping  known  at  that  time.  However,  the  precursors  of  a  new 
interdisciplinary  concept  were  just  appearing  [3-6].  Based  upon  nuclear  analogs  of  quantum  electronics,  the  "optical"  approach 
developed  rapidly,  launching  a  renaissance  in  the  field.  By  1982  the  basic  theory  [7]  of  upconversion  at  the  nuclear  level  was  in 
place.  Either  multiphoton  processes  (coherent  pumping)  or  multiple  electromagnetic  transitions  (incoherent  pumping)  would  be 
used  to  release  the  energy  stored  in  nuclear  isomers.  This  would  avoid  many  of  the  difficulties  encoimtered  with  the  traditional 
schemes. 

One  blueprint  for  an  optically-pumped  gamma-ray  laser  now  appears  in  the  textbooks  [8]  and  in  1986  substantial  effort 
was  initiated  toward  the  demonstration  of  its  feasibility.  Generally,  there  are  three  separate  problems  to  be  solved:  pumping  a 
nuclear  population  to  a  laser  level,  coupling  the  output  coherently  to  the  radiation  field,  and  managing  the  thermal  load  to  the 
host  material.  The  greatest  effort  by  the  main  li^  of  research  has  been  made  towards  the  first  and  third  aspects.  Host 
preservation  has  been  largely  solved  by  developments  in  creating  thin  Diamond  films  into  which  Mdssbauer  isotopes  can  be 
implanted  [9].  However,  the  major  br^ikthrou^  have  been  realized  in  optically  pumping  nuclei.  That  work  will  be  reviewed 
here  and  has  provided  the  most  sustained  and  positive  results,  including  the  experimental  demonstration  that  the  energy  stored 
in  populations  of  nuclear  isomers  can  be  pumped  by  x  rays  into  freely-radiating  levels.  Also,  the  transition  strengths  for 
optically  pumping  isomers  are  concentrated  into  a  few  levels  that  provide  bandwidth  funneling  with  "giant"  integrated  cross 
sections.  Those  results  significantly  increase  the  feasibility  of  a  gamma-ray  laser  by  showing  how  to  induce  gamma  emission 
with  the  potential  for  upconversion  [10].  Excellent  concepts  have  been  introduced  for  the  development  of  coherent  output  from 
the  levels  being  pumped  together  with  other  concepts  which  may  significantly  reduce  threshold  requirements,  and  are  iscussed 
elsewhere. 

At  first  it  would  seem  that  the  prospects  for  all  ultrashort-wavelength  lasers  would  be  vitiated  by  the  same  fundamental 
fretor  [2]  that  inhibits  the  production  of  large  ouq>ut  powers  from  x-ray  lasers.  The  v^  dependence  of  transition  probabilities  so 
limits  the  storage  of  pump  energies  in  atoms  and  molecules  that  even  at  soft  x-ray  energies,  a  threshold  population  must  be 
excited  in  exceeding  short  times.  However,  nuclear  electromagnetic  transitions  offer  three  unique  advantages: 

1)  The  constant  linking  with  lifetime  is  more  favorable  by  orders-of-magnitude  because  of  the  accessibility  of 
a  variety  of  transition  moments,  and  magnetic  dipole  and  electric  quadrupole  transitions  are  common. 
Pumping  can  integrate  a  population  in  an  upper  laser  level  to  larger  values  over  longer  times. 
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Nuclear  metastables  (isomers)  store  keV  -  MeV  for  lifetimes  up  to  years.  Pumping  a  gamma-ray  laser  would 
not  require  that  all  the  energy  be  input  in  situ.  Metastables  can  also  be  concentrated  to  solid  densities. 

3)  Nuclear  transitions  need  not  experience  thermal  broadening  and  natural  Unewidths  are  routinely  obtained  with 
the  Mdssbauer  efiect  Unbroadened  stimulated  emission  cross  sections  are  large  and  values  for  1  A  transitions 
typically  exceed  that  of  Nd  in  YAG. 

In  the  optical  pumping  approach,  a  gamma-ray  laser  isotope  implanted  into  a  thin,  low-Z  medium  would  resonantly  absorb 
useM  pump  power  over  short  distances  to  produce  high  concentrations  of  nuclei  excited  into  a  lasing  level.  Wasted 
wavelengths  would  only  be  degraded  to  heat  in  much  larger  volumes.  This  avoids  severe  thermal  damage  to  the  host  that  would 
destroy  the  Mdssbauer  efiect  as  with  particle  pumping.  In  the  blueprint  of  1982  [7],  the  nuclear  analog  of  the  ruby  laser 
embodied  the  simplest  concqrts  for  a  gamma-ray  larer,  although  the  proqrects  for  upconversion  using  isomers  as  storage  levels 
is  even  more  attractive.  Not  surprisingly,  the  greatest  rate  of  achievement  in  the  last  decade  in  the  pumping  of  high-energy 
density  media  has  been  realized  in  this  direction.  For  the  ruby  laser,  the  identification  of  a  bandwidth  funnel  was  the  critical 
element  A  broad  absorption  band  was  linked  through  efBcient  cascading  to  the  rrarrow  laser  level.  The  blueprint  called  for  a 
nuclear  analog  of  this  structure,  unknown  in  1982  but  now  confirmed  e?q)erimentally. 

PUMP  MODEL  AND  VALmATION 

The  scheme  for  pumping  a  nuclear  lasing  level,  perhaps  by  triggering  the  release  of  the  energy  stored  in  an  isomeric  state, 
is  shown  in  Fig.  1.  The  initial  level  may  be  the  ground  state  or  an  isomer  fi-om  which  population  is  transferred  by  absorption  by 
a  broad  pump  band,  or  "gateway"  state.  A  branch  of  the  normal  decay  firom  the  gateway  leads  to  the  upper  laser  level, 
accompanied  by  prompt  gamma  emission 

Optical  pumping  using  x  rays  as  in  Fig.  1  has  been  known  in  nuclear  physics  for  over  50  years  [11].  However,  relatively 
few  results  were  published  imtil  the  last  decade,  primarily  due  to  practical  difficulties  calibrating  intense  x-ray  sources.  Recent 
developments  in  technology  have  provided  improved  calibration  procedures,  both  experimental  [12]  and  computational  [13], 

and  investigations  using  bremsstrahlung  now  approach  the  precision  long 
enjoyed  with  particle  beams  [14].  The  excitation  process  shown  in  Fig.  1 
is  classified  as  an  inelastic  scattering,  or  (y,Y)  reaction  in  the  literature  of 
nuclear  physics.  The  notation  is  where  X  is  the  target  nucleus 

and  X*  is  the  same  nucleus  in  its  final  state. 

For  a  sample  fiiat  is  optically  thin  at  the  pump  wavelength,  the 
nurtiber  of  nuclei  punqred  by  a  (y,Y)  reaction  into  a  given  final  is 
straightforward  [7,15].  Bremsstrahlung  provides  a  continuum  of  x  rays, 
so  the  irradiation  of  N^  target  nuclei  in  the  initial  state  results  in  a  time- 
integrated  yield  of  final-state  nuclei,  N^  according  to 

Nf  =  oiE)  FiE,Eo)  dE  ,  (1) 

where  the  reaction  is  described  by  the  energy-dependent  cross  section, 
a(E).  The  x-ray  continuum  is  characterized  by  its  endpoint.  Eg  and  the 
time-integrated  spectral  intensi^,  written  as  a  product  of  the  total  flux, 
(I>g  and  the  distribution  of  intensities,  F(E,Eg).  The  distribution  is 
normalized  to  give  unity  when  integrated  over  the  full  spectrum  of 
energies.  At  incident  photon  energies  below  the  threshold  for  neutron 

evaporation  at  about  6-8  MeV,  (y,Y)  reactions  predominantly  excite 
Figure  1:  Schematic  representing  a  bandwidth  funnel  for  absorption;  for  the  population  or 

population  of  a  laser  level  through  a  gateway  state  with  d^pop^jation  of  isomers,  the  absorbing  level  of  interest  is  a  gateway  like 
natural  width,  F.  The  incident  photon  y  is  absorbed  with  ^  j  ^p^  ^lere,  but  there  could  be 

a  cross  section  Og  from  the  initial  level.  Ihe  cascade  more  with  each  mediating  level,  identified  by  the  index  j,  being  excited  at 
from  gateway  to  laser  level  is  shown  by  the  dotted  hue  g  ^  die 

with  prompfly  emitted  photons  being  the  y.  Only  one  same  fluorescent  final  state,  f.  The  x-ray  continuum  is  structureless  on 
gateway  is  shown  but  there  could  be  more. 
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the  scale  over  which  ct(E)  varies  for  the  j-th  gateway,  even  when  the  level  width  would  be  considered  broad  for  a  nuclear  state. 
Thus,  the  final-state  yield  is  given  by 


=  Z(or)jyi"(£y,£o)  .  (2) 

i 

where  the  activation,  has  been  introduced.  This  quantity  gives  the  factional  yield  of  the  final  state  per  unit  photon  flux, 
so  values  of  AjCEq)  may  appear  small  in  magnitude  even  for  an  efficient  pumping  reaction  since  the  vast  majority  of  photons  are 
outside  the  absorption  bandwidth.  The  summation  in  Eq,  (2)  includes  all  gateways  with  Ej  ^  Eq.  The  figure  of  merit  for  photo¬ 
pumping  reactions  excited  with  continua  is  the  quantity  (crr)fi»  the  cross  section  of  the  j-th  gateway  integrated  over  its 
Lorentzian  lineshape.  Whether  the  initial  level  is  an  isomer  or  tne  ground  state,  the  integrated  cross  section  therefore  reflects 
the  efficacy  for  the  transfer  of  population  to  a  fluorescence  level,  and  therefore  available  to  an  ouq)ut  transition.  Thus,  it  is  the 
nuclear  equivalent  of  the  fluorescence  efficiency  so  important  in  the  early  development  of  atomic  and  molecular  lasers.  The 
magnitude  of  integrated  cross  section  for  a  fully  allowed  single-particle  transition  in  nuclei  is  typically  1-10  uu.,  where 
uu.  =  10'^^  cm^  keV  =  0. 1  eV  b.  It  is  straightforward  to  show  that  in  terms  of  more  fundamental  parameters, 

,  (3) 


where  b^  and  b^  are  the  branching  ratios  for  decay  fi’om  the  j-th  gateway  of  natural  width  T  back  into  the  initial  state  or  by 
cascade  to  the  output  level,  respectively.  The  quantity  is  the  Breit-Wigner  cross  section  [11]  for  the  absorption  transition 


and  is  proportional  to  the  squared  wavelength  of  the  incident  photon 
having  energy  Ej. 

The  model  of  Eqs.  (1)  -  (3)  was  confirmed  in  extensive 
experiments  performed  using  six  different  accelerators.  These  included 
two  nuclear  simulators,  DNA/PITHON  and  DNA/Aurora,  two  medical 
linacs  and  two  research  linacs,  the  injector  to  the  superconducting 
Darmstadt  linear  accelerator  (S-DALINAC)  and  the  Texas  X  at  the 
Center  for  Quantum  Electronics.  Standard  techniques  of  gamma 
spectroscopy  were  used  to  determine  the  yield  of  isomers  produced  in 
irradiations  of  gram-sized  samples  containing  the  few  calibration 
isomers  whose  gateway  structures  were  well-known  firom  the  literature. 
Bremsstrahlung  spectra  were  calculated  with  the  EGS4  electron/photon 
transport  code,  common  for  medical  applications,  and  the  spectra  were 
verified  by  in-line  dosimetry.  The  results  of  those  experiments  [16-20] 
were  in  excellent  agreement  with  the  predictions  of  Eqs.  (1)  -  (3)  using 
literature  values  for  gateway  energies  and  integrated  cross  sections.  A 
typical  example  is  given  in  Fig.  2  which  shows  a  composite  excitation 
function  [10]  obtained  for  the  calibration  isomer  ^Si®.  It  is  important 
to  note  that  at  an  endpoint  of  4  MeV,  the  yield  of  the  ^Sr®  isomer  was 
enhanced  16  orders-of-magnitude  by  bandwidth  funneling  over  that 
which  could  have  been  produced  by  direct  excitation  of  the  metastable 
level  from  the  ground  state. 


I 

5 

k: 

I 


u 

I 


ENDPOINT  ENERGY  [MeV] 


Figure  2:  Excitation  function  showing  measured  fractional 
activation,  Af  for  the  reaction  *^Sr(y,y)*^Si“  as  a  function  of 
taemsstrahlung  aidpoint,  Eq.  The  solid  curve  plots  values 
cranputed  from  Eq.  (3)  using  gateway  parameters  found  in 
the  literature  and  calculated  photon  spectra. 


PUMPING  BREAKTHROUGHS 

Of  the  1886  distinguishable  nuclear  isotopes,  29  first<lass  candidate  nuclides  were  identified  in  1986  by  a  search  of  the 
nuclear  base,  but  an  exact  ranking  could  not  be  determined  due  to  the  paucity  of  nuclear  fluorescence  data.  The  most 
attractive  candidates  for  a  gamma-ray  laser  have  long-lived  isomers  that  store  large  amounts  of  energy  for  convenient  times. 
Also,  it  is  desirable  that  they  possess  freely-radiating  transitions  whose  energies  are  consistent  with  large  recoil-free-fiactions, 
and  whose  lifetimes  are  comparable  to  the  typical  ou^ut  durations  of  pulsed-power  devices  which  could  be  used  for  pumping. 
A  critical  issue  is  that  the  pump  step  must  utilue  the  smallest  possible  trigger  photon.  Thus,  isotopes  providing  the  greatest 


potential  for  storage  of  energy  input  ex  situ  are  the  most  attractive.  The  majority  of  such  candidates  are  deformed  nuclei  for 
which  the  quantum,  K  must  be  introduced  in  addition  to  the  total  angular  momentum,  J.  This  new  quantum  is  the  projection  of 
J  on  the  nuclear  body  axis  and  rotation  of  the  spheroidal  shape  about  a  perpendicular  axis  gives  rise  to  a  band  structure 
resembling  that  of  a  diatomic  molecule.  For  deformed  nuclei,  electromagnetic  transitions  are  governed  by  selection  rules  for  the 
change  of  both  J  and  K  according  to  |  AJ  |  ^  M  and  i  AK  |  S  M,  where  M  is  the  multipolarity  of  the  radiation.  The  longest-lived 
isomeric  levels  arise  because  they  lie  in  bands  whose  K  differs  greatly  from  those  containing  freely-radiating  states  to  which 
their  decay  would  otherwise  be  allowed  by  energetics  and  the  J  selection  rule.  "K  isomers"  are  therefore  ideal  as  storage  levels 
for  upconversion  schemes  since  most  of  the  energy  is  already  in  the  nucleus. 

The  longest-lived  K  isomer  is  possessed  by  the  nuclide  ^*®Ta,  but  this  was  nevertheless  ranked  ,  among  the  poorest 
candidates.  It  stores  only  75  keV/nucleus  and  requires  AK  =  8  for  transitions  to  freely-radiating  levels  in  the  ground-state 
band  [21].  A  bandwidth  funnel  would  have  to  span  a  comparable  AK  and  so  theoretical  estimates  of  the  integrated  cross  section 
for  the  pumping  were  expected  to  be  as  small  as  10"^^  uu.  Still,  this  isotope  exists  naturally  in  100  %  inversion  since  its  isomer 
has  a  lifetime  in  excess  of  10^^  years  while  its  ground  state  has  a  halflife  against  transmutation  of  only  8.1  hours.  A 
macroscopic  sample  was  readily  available  so  i*®Ta“  was  the  first  candidate  tested.  In  an  experiment  conducted  [22]  in  1987,  an 
enriched  sample  containing  1.2  mg  of  i*0Ta“  was  irradiated  with  bremsstrahlung  from  a  6-MeV  medical  linac  and  a  large 
fluorescence  yield  was  observed  following  the  exposure.  For  the  first  time  this  demonstrated  experimentally  that  the  energy 
stored  in  an  isomer  could  be  dumped  to  flreely-radiating  states  by  a  trigger  photon.  Simply  the  observation  of  any  fluorescence 
from  a  milligram-sized  target  showed  an  unexpected  efficiency  for  the  process  because  grams  of  material  were  needed  for  the 
calibration  isotopes.  In  fact,  the  fluorescence  yield  was  so  large  that  measurements  were  subsequently  performed  [20]  with 
samples  containing  the  isotope  ^*®Ta  in  its  natural  abundance  of  0.012  %.  Analysis  of  the  data  indicated  that  the  partial  width, 
bjbpF  for  dumping  the  i*0Ta“  population  was  nearly  0.5  eV,  with  a  corresponding  integrated  cross  section  of  42,000  uu.  This 
reflects  a  windfall  of  10^  over  a  typical  single-particle  transition  and  10^®  compared  to  the  theoretical  pessimism. 

The  experiment  [22]  of  1987  could  not  determine  the  number, 
excitation  energies  and  integrated  cross  sections  of  individual 
gateways  since  the  endpoint  of  the  medical  linac  was  fixed.  To 
investigate  this,  further  experiments  [20]  were  performed  with  the 
variable-energy  S-DALINAC.  The  measured  excitation  function 
showing  the  ground-state  yield  produced  by  dumping  the  ^*®Ta  isomer 
is  shown  in  Fig.  3.  As  was  seen  for  the  calibration  isomer 
sharp  increases  in  A^fEQ)  indicated  the  energies  of  the  gateways,  with 
the  lowest,  and  most  important,  at  2.8  +  0.1  MeV  above  the  isomer. 
An  iterative  fit  to  the  data  was  combined  with  conqiuted  photon 
spectra  to  determine  an  integrated  cross  section  of  12,000  uu.  for  the 
bandwidth  fimnel  through  that  gateway.  This  exceptional  value  led  to 
the  gateway's  classification  as  a  "giant"  pumping  resonance  in 
comparison  to  usual  (y,Y)  reactions.  The  demonstration  that 
populations  of  nuclear  isomers  can  be  dumped  by  x  rays  with  such 
large  integrated  cross  sections  stands  as  the  first  major  breakthrough 
in  the  optical  pumping  of  gamma-ray  laser  media 

Figure  3:  Excitation  fimction  showing  fractional  activation, 

Af  for  the  reaction  ®  function  of  A  survey  of  19  isotopes  [23]  conducted  over  a  fairly  coarse  mesh 

bremsstrahlung  endpoint,  Eq.  These  data  demonstrate  the  of  bremsstrahlung  endpoints  confirmed  the  existence  of  giant  pumping 
dumping  of  an  isomeric  population  to  freely-radiating  states  resonances  for  the  photoexcitation  of  isomers  in  the  region  of  masses 
with  trigger  x  rays.  o®ar  A  =  180.  A  summary  of  the  results  is  shown  in  Fig.  4. 

Excitation  functions  measured  [24]  using  the  S-DALINAC  determined 
the  gateway  energies  for  several  isomers  in  the  mass  region  containing  ^*®Ta  and  those  Ej  are  also  shown  in  the  figure.  Another 
study  showed  [25]  that  the  giant  pumping  resonances  reappeared  at  lower  masses  near  120.  It  is  the  close  correlation  of 
gateway  strengths  and  locations  for  nuclei  with  dissimilar  sin^e-particle  structures  that  identified  the  giant  pumping  resonances 
as  a  property  of  the  nuclear  core.  In  fact,  the  strengths  of  giant  pumping  resonances  were  shown  experimentally  to  be  correlated 
[24]  with  the  ground-state  deformation.  The  systematics  for  optically  pumping  nuclear  states  were  further  investigated  for  the 
excitation  of  laser-like  levels  with  lifetimes  on  the  order  of  tens  of  ps.  The  data  analysis  [26]  for  four  nuclides  tested  indicated 
that  the  integrated  cross  sections  were  comparable  in  magnitude  to  those  previously  found  for  the  population  of  long-lived 
isomers.  Whatever  the  m^yhanism,  the  experimental  fact  remains  that  bandwidth  fimneling  that  connects  isomers  to  freely- 
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^  radiating  levels  can  be  almost  commonly  found  throughout  the  mass-180  region.  The  partial  widths  for  the  transfer  of 
population  are  enormous,  0,5  eV,  even  when  the  change  of  angular  momentum  projection  must  be  as  great  as  AK  =  8.  This  is 
the  nuclear  analog  of  the  giant  resonance  for  pumping  ruby  at 
the  atomic  level. 

Due  to  the  exceedingly  favorable  ^pearance  of  giant 
pumping  resonances,  the  possibility  of  the  results  containing 
spurious  contributions  from  reactions  other  than  (y,y*)  events 
was  carefully  considered.  For  example,  experiments  [10,27] 
were  conducted  using  standard  activation  techniques  to 
determine  the  flux  of  thermal,  q)ithermal  and  frst  neutrons 
which  could  have  produced  additional  isomeric  yields  through 
(n,y)  or  (n,n')  reactions.  In  most  accelerator  environments, 
those  fluxes  were  found  to  be  below  the  level  of  detectability 
and  even  when  measurable  fluxes  were  present,  their 
magnitudes  were  sufficient  to  produce  less  than  0.01  %  typically 
and  6  %  in  the  worst  case  of  the  measured  isomeric  yield. 


The  surprisingly  large  integrated  cross  sections  for 
getaways  in  the  mass-180  region  indicate  an  ease  in  pumping 
and  dumping  isomers  through  large  AK  that  is  difficult  to  Figure  4:  Systematics  for  excitation  energies  and  integrated  cross 
interpret  in  terms  of  a  single-particle  model.  Evidence  of  levels  sections  of  gateway  states  providing  bandwidth  funneling  for  optical 
capable  of  strong  "K  breaking"  or  **K  mixing"  have  also  been  pumping  of  nuclear  isomers.  The  groupings  correspond  to  mass 
recently  observed  for  other  nuclei  [28].  Most  striking  are  the  islands  between  magic  numbers  for  neutrons  and  protons, 
measurements  [29]  of  a  level  at  2.65  MeV  which  provides  Gaierally,  the  best  candidates  lie  in  the  mass-180  island,  also  >^ere 

AK=14  in  the  spontaneous  decay  of  the  3.312-MeV,  3.7-ps  the  largest  values  of  (ar)j  are  found, 
isomer  of  That  K-mixing  state  is  remarkably  close  to  the 

gateway  at  2.8  ±0.1  MeV  discovered  for  the  dumping  of  A  full  understanding  of  this  pervasive  behavior  is  not  yet 

available,  but  there  are  suggestive  speculations.  Calculations  [30]  have  confirmed  that  some  nuclides  develop  multiple  minima 
in  nuclear  potential  as  a  function  of  core  deformation.  Second  minima  can  contain  fission  isomers  for  higher  masses,  but  for 
lighter  nuclei  the  Coulomb  barrier  prevents  fission.  Shape  isomers  result  when  states  bound  within  a  second  well  cannot  easily 
decay  to  freely-radiating  states  of  significantly  different  nuclear  shape  within  the  primary  well.  If  instead  of  a  second  minimum 
a  plateau  occurs  in  the  potential  energy,  sh^  isomers  could  not  occur.  However,  within  a  narrow  band  of  energies  excited 
states  would  not  correspond  to  a  fixed  core  deformation.  For  such  levels  K  would  not  be  a  good  quantum  number  and 
unhindered,  low-multipolarity  transitions  could  connect  them  to  states  with  widely  differing  K  values.  It  has  also  been 
suggested  [29]  that  tunneling  through  the  potential  barrier  between  minima  may  provide  the  observed  violation  of  the  usual  K 
selection  rule. 
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CANDIDATE  RANKING 

An  exact  ranking  of  the  29  candidate  isomers  for  a  ganuna-ray  laser  depends  upon  a  complex  weighting  of  nuclear 
parameters,  many  of  which  are  poorly  known.  However,  the  potential  importance  of  several  nuclides  is  magnified  by  some  very 
pragmatic  considerations.  From  the  perqrective  of  shelf  life  and  availability,  i*°Ta“  is  fer  superior.  It  is  a  naturally  occurring 
material  and  can  be  prq}ared  simply  by  sqrarating  natural  Ta  by  atomic  mass.  Samples  of  milligram  weight  exist  and  one  such 
specimen  was  used  in  the  breakthrou^  e;q)eriment  that  proved  x  rays  can  dump  the  energy  stored  in  isomeric  populations.  In 
contrast,  the  entire  world  inventory  of  the  isomer  I78jjp2  reported  in  1992  to  be  about  10^^  nuclei  [31]  although  recently 
this  amniint  has  been  increased  to  about  5  x  lo^®.  However,  firom  the  perspective  of  triggering  energetics  i*®Ta“  is  poor. 
Although  the  energy  storage  is  still  inqrressively  high,  2.8  MeV  is  needed  to  excite  the  K-breaking  gateway.  For  I78jjfm2 
energy  of  the  isomer  at  2.45  MeV  is  the  highest  known  that  still  lies  below  the  likely  gateway  energy  between  2.5  -  3.0  MeV 
[32].  The  isomer  is  even  higher  at  3.312  MeV,  but  that  level  spontaneously  decays  [29]  through  a  K-mixing  state  at 

2.685  MeV  so  its  halflife  is  only  3.7  ps.  Ideally,  for  ease  of  triggering  an  isomer  would  store  as  much  energy  as  possible  without 
exceeding  that  of  the  K-breaking  level  for  that  nuclide.  As  long  as  the  transition  energy  needed  for  triggering  is  positive,  the 
isomer  cannot  dump  spontaneously  as  happens  with  ^^‘*HP.  The  lifetime  of  the  initial  population  will  then  be  long  and 
problems  of  storage  will  be  minimized.  Guided  to  by  energetics,  a  reasonable  next  concern  firom  the  pragmatic 

viewpoint  is  for  the  duration  of  the  trigger  pulse. 


» 


Even  in  the  best  scenarios  the  requirement  for  the  energy  in  a  trigger  pulse  is  large.  The  problem  is  compounded  if  the 
fluorescence  lifetime  of  the  level  into  which  the  isomeric  population  is  to  be  dumped  is  too  short  Large  pulsed-power  devices 
^ically  deliver  their  outputs  over  durations  of  ns  to  ps,  so  it  would  be  desirable  to  utilize  a  laser  candidate  with  strong 
fluorescence  lines  of  comparable  lifetimes.  In  this  case  as  well,  the  is  favorable  since  it  has  transitions  with  lifetimes  of 

both  tens  of  ns  and  tens  of  ps.  Thus,  the  first  priority  candidate  for  a  gamma-ray  laser  is  the  3 1-year  isomer  of  ^^*Hf,  superior  to 


K=0  Ground  State 

Figure  5:  Energy  level  diagram  of  the  nuclide  ’™Hf.  The  31 


the  next  possibilities  by  orders-of-magnitude.  The  energy-level 
diagram  [18]  for  ^^^Hf  is  shown  in  Fig.  5  with  prominent 
fluorescent  transitions  indicated.  The  fundamental  question  is 
whether  the  giant  pumping  resonance  will  be  found  at  the  level 
shown  in  the  figure  that  is  predicted  by  systetnatics.  In  case  of  a 
weak  success  in  K-breaking,  pumping  would  preferentially 
populate  the  band  to  the  right  of  the  figure.  This  would  lead  to 
fluorescence  at  437  keV  with  35%  efficiency  from  the  bandhead 
having  a  68-ps  lifetime.  Detection  of  that  fluorescence  is  well 
within  current  experimental  capabilities  [26]. 

In  the  event  of  a  strong  success  in  which  K-breaking  is 
complete,  the  left-side  band  would  be  preferentially  populated, 
leading  to  fluorescence  at  922  keV  with  65%  efficiency  and  1247 
keV  with  30%  efficiency  fi'om  the  bandhead  having  a  78-ns 
lifetime.  Demonstrations  of  the  dumping  reaction  would  then 
require  the  use  of  an  accelerator  with  shorter  pulses  such  as  those 
provided  by  typical  e-beam,  pulsed-power  devices.  The  great 
advantage  would  be  that  bremsstrahlung  with  0.7  -  0.8  MeV 
endpoints  could  pump  the  left-side  band,  giving  gamma 
fluorescence  at  1.25  MeV.  The  upconverted  signal  could  then  be 
detected  in  a  straightforward  manner  with  suitable  electronic 


year  isomer  stores  2.45  MeV/nucleus  and  forms  the  K  =  16  discrimination. 


bandhead.  Natural  decay  of  the  isomer  proceeds  to  the  K  =  8, 
requiring  AK  =  8,  and  then  to  the  ground-state  band.  This  cannot 
excite  either  the  higher-lying  K  =  14  bandhead  or  members  of  the 
K  =  6  band  on  the  left-hand  side.  A  K-mixing  gateway  level 
inferred  from  systematics  is  shown  near  2.8  MeV  and  could 
populate  laser-like  states  within  those  bands. 


The  potential  of  first-ranked  candidate  for 

the  triggered  release  of  MeV/nucleus  into  the  radiation  field, 
perhaps  coherently  as  a  gamma-ray  laser,  rests  on  the  existence 
and  properties  of  a  K-mixing  gateway  which  provides  bandwidth 
fimneling  to  fi-eely-radiating  states.  Since  the  31-year  metastable 
of  is  an  example  of  a  multi-quasiparticle,  high-spin  isomer. 


it  is  instructive  to  examine  systematics  of  similar  levels  in  other  hafiiium  isotopes.  A  full  discussion  can  be  found  in  Ref.  [32]. 


Figure  6  shows  an  expanded  view  of  the  data  of  Fig.  4  for  the  mass  island  immediately  below  P  =  82.  Measured  excitation 
energies  of  apparent  K-mixing  levels  [20,24,29]  mediating  those  reactions  are  plotted  as  X  and  +  symbols  by  the  right-hand 
ordinate  and  fall  between  2.5  -  2.8  MeV,  defining  an  interval  AEj^  within  which  such  levels  may  be  reasonably  expected.  The 
circles  give  the  energies  of  the  four-  and  five-quasiparticle  isomers  I'^HP^  and  which  tend 

to  lower  values  with  increasing  mass  numbers.  The  important  detail  in  Fig.  6  is  the  position  of  those  isomers  relative  to  the 
possible  excitation  energies  of  K-mixing  levels.  At  present  no  direct  observations  of  (y,/)  reactions  are  available  for  those 
isotopes  and  thus  the  discussion  is  based  on  AEj^  which  bounds  the  likely  energies  of  mediating  states. 

For  *'^'‘HP  and  *’^HP  the  isomers  lie  well  above  the  upper  bound  of  AEj,  and  it  can  be  reasonably  expected  from  Fig.  6 
that  those  states  would  be  relatively  short-lived  due  to  the  availability  of  K-mixlng  states  which  could  mediate  spontaneous 
decay.  As  mentioned  before  this  is  indeed  the  case  for  with  a  halflife  of  3.7  ps.  Similarly,  ^^^HP  has  a  1.21-ps  halflife. 
In  the  case  of  the  isomer  lies  at  2.866  MeV,  slightly  above  the  upper  bound  of  AEj^.  Thus,  it  could  be  expected  to  have 

a  short  lifetime  somewhat  lengthened  by  a  small  transition  energy  to  a  K-mixing  level.  This  is  supported  by  a  measured  halflife 
of  401  ps.  The  isomer  177hP^  lies  just  below  the  upper  bound  of  AEj,,  possibly  at  a  lower  energy  than  any  mediating  state.  In 
that  event  a  long  lifetime  would  be  suggested  since  spontaneous  decay  could  not  occur,  but  this  could  also  be  the  result  if  a  K- 
mixing  level  were  located  little  below  the  isomer,  providing  an  yrast  trap.  The  measured  halflife  of  51  min  agrees  well  with 
either  possibility.  Of  the  most  importance,  the  isomer  appears  to  lie  below  the  likely  position  of  a  mediating  state.  This 

points  to  a  long  lifetime  and  indeed  the  measured  value  is  31  years.  Clearly  the  known  halflives  [21]  of  these  multi- 


r 


qiiasiparticle  Hf  isomers  agree  well  with  the  conclusion  that  K-mixing  levels  are  prevalent  in  the  mass-180  region  and  lie 
between  2.5  -  2.8  MeV. 


The  strong  dependence  of  isomer  lifetime  on  the  possible  excitation  energy  of  a  mediating  state  is  shown  directly  in  Fig.  7. 
Again,  indicates  the  interval  within  which  all  measured  values  for  possible  K-mixing  levels  lie.  This  inters^  can  be 
further  constrained  hy  comparing  the  data  to  lifetimes  derived  from  single-particle  widths  [33].  Since  low-multipolarities  would 
be  indicated  for  transitions  between  the  isomers  and  states  of  mixed  K,  dipole  radiation  is  considered  here.  Derived  using  the 
typical  l/(Ej  -  Ej^)^  dependence  for  dipole  transition  widths  where  is  the  isomer  energy  and  E|^  is  the  energy  of  the  mediating 
level,  the  curves  in  Fig.  7  show  halfiives  in  good  agreement  with  the  measured  values.  It  is  doubtful  that  a  K-mixing  state  could 
lie  much  below  the  isomer  without  affecting  its  51-inin  lifetime.  Thus,  the  value  =  2.7  MeV  used  to  generate  the 

curve  passing  just  below  that  isomer  represents  a  lower  bound  on  the  likely  energy  of  an  intermediate  state  of  mixed  K. 
Likewise,  Ej^  =  2.8  MeV  provides  an  upper  bound  for  that  energy  since  larger  values  produce  curves  which  do  not  reproduce  the 
lifetimes  ofthQ  isomers  and  The  excellent  agreement  seen  between  halflives  predicted  for  dipole 

transitions  and  those  measured  provides  further  evidence  for  a  K-mixing  level  in  lying  no  more  than  about  300  keV 

above  the  isomer,  and  perhaps  much  lower. 
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Figure  6:  Expanded  view  of  Fig.  4  for  the  mass  island  below  P  =  82.  Figure  7:  Halflife  as  a  function  of  excitation  energy  for  the  four-  and 
Circles  indicate  the  excitation  energies  of  four-  and  five-quasiparticle  five-quasiparticle  Hf  isomers  of  Fig.  6.  The  curves  represent 
Hf  isomers  lying  between  2-3  MeV  with  halflives  >  1  ps.  The  calculated  dipole-transition  halflives  for  the  deexcitation  of  the 
interval  AEj.  diows  the  range  within  which  K-mixing  levels  are  isomers  for  different  choices  for  the  gateway  energy  and  further 
expected  to  lie.  bound  the  possible  positions  of  such  a  level. 


SUMMARY 

The  discoveiy  of  giant  resonances  for  pumping  and  dumping  nuclear  populations  greatly  enhanced  the  feasibility  of  an 
gamma-ray  laser.  The  critical  step  was  the  introduction  of  the  concept  of  optical  pumping  and  experimental  results  along  that 
line  have  shown  consigt^nt  achievements  since  1986.  Now  the  principles  necessary  to  solve  the  problems  of  pumping  and  host 
preservation  have  been  demonstrated  experimentally  and  a  ranking  has  been  developed  to  identify  the  best  candidate  for 
pumping.  A  recent  model  [10]  using  the  new  data  indicates  that  a  nuclear  system  can  be  optically  pumped  to  threshold  without 
the  need  to  melt  a  low-Z  host  lattice.  At  this  time  there  are  no  a  priori  obstacles  to  the  realization  of  a  gamma-ray  laser. 
However,  exact  pump  requirements  dq)end  sensitively  on  the  structure  of  the  actual  isotope  and  the  feasibility  of  a  gamma-ray 
laser  remains  an  open  question.  The  goal  of  the  main  line  of  research  is  now  to  obtain  and  test  the  first-ranked  candidate. 
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